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Executive Summary:  
 
Current levels of Asian carp harvest lead to measurable increases in zooplankton abundance and 
biomass meaning zooplankton are an indicator of ecosystem response to carp suppression.  
However, diversity especially of large bodied cladocerans and copepods does not. This suggests 
that the most beneficial plankton food resources, cladocerans and copepods, are not recovering 
as quickly as the microzooplankton. Additionally, while there were differences in zooplankton 
community structure and population densities between years and among river reaches, these did 
not obscure the positive influence of harvest that zooplankton showed. 
 
What was known about Asian carp and plankton before this project: 
 
- The distribution of Asian carp has been expanding up the Illinois River towards Lake 
Michigan since at least the late 1990’s (Chick and Pegg 2001). 
- Where they establish and remain unmanaged, Asian carp densities have increased 
dramatically over time (DeBoer et al. 2018).  
- The upstream expansion of these carp appears to have stalled near Starved Rock Lock and 
Dam at roughly the same time as management actions (commercial fishing) were ramping up 
in the same area (Coulter et al. 2018). 
- Ambiguous response by primary production: chlorophyll is highly variable from year to year 
and depending on habitat (DeBoer et al. 2018) 
- Main channel zooplankton have declined and composition has shifted as carp have increased 
(Sass et al. 2014; DeBoer et al. 2018) 
- Native planktivorous fish body condition is strongly affected but the response of population 
size is more variable (Love et al. 2018; DeBoer et al. 2018; Pendleton et al. 2017)  
- Fish assemblage diversity and composition have both shifted measurably since 2000, but 
these responses have not been either quick or large (Solomon et al. 2017)  
 
What was not known about Asian carp and plankton before this project:   
 
Zooplankton are a basal food resource affecting all fish at some point in their life cycle. We have 
clear evidence that as the Asian carp presence increases the zooplankton abundance and biomass 
decrease leading to negative impacts on the ecosystem. However, as of 2018 we do not have 
clear evidence of whether suppression of the carp through commercial harvest mitigates those 
negative impacts on the plankton or planktivorous fish.Thus the goal of this project assesses 
whether zooplankton can tell us whether suppression of carp through commercial harvest is 
working and, ultimately, benefiting the ecosystem? 
  
More specifically;  
a) What is the lag time between management event/effort and a measurable response? 
b) Is there a harvest threshold to cross before there is a measurable response? 
 
What we can conclude because of this project: 
 
Section 1: Across the river the total species richness of all zooplankton has declined steadily as 
Asian carp have increased between 2010 and 2015. However, zooplankton density and biomass 
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which oscillated during the same period. Specifically, microzooplankton (Rotifers) dominated 
plankton numerically in all years, regions, and habitats. In contrast, macrozooplankton 
(Crustacean Copepods and Cladocerans) never dominate numerically, but are a 
disproportionately large part of the zooplankton biomass. In the upper river, where harvest 
pressure is strongest and carp abundance is lowest, interannual changes in zooplankton density 
and abundance are explained mainly by river hydrology (stage height and velocity) while 
biodiversity is explained mainly by water quality (temperature and turbidity). In contrast, 
temperature is the main factor affecting diversity, abundance, and biomass of zooplankton in the 
lower river where harvest is lower and carp abundance is higher. We believe the take-away 
message is that zooplankton community composition can be used as an indicator of ecosystem 
response to the arrival and expansion of invasive carp, if there is pre-existing info on what the 
plankton looks like without carp present in the river reach of concern. 
 
Section 2: Effect of standard single crew carp harvest by individual commercial fishing crews 
on is measurable and there is a relatively short lag time (i.e. weeks to months within the same 
summer). However, the response to harvest differs depending on type of zooplankton: 
microzooplankton (rotifers) responded to all tested levels of harvest but macrozooplankton 
(Cladocera, adult and juvenile Copepods) only responded to highest levels of removal (~10,000 
kg per month). We believe a main take-away message should be that higher levels of harvest 
will lead to a greater benefit. 
 
Section 3: Effect of intense multi-crew harvest shows that greater harvest rate leads to greater 
positive ecosystem response. While the effect of harvest is significant, it can also complex and 
dependent on season and which category of zooplankton is considered (> 40,000 kg during a 
March 21 to April 1, 2016 event and an additional > 30,000 kg during a February 27 to March 10, 
2017 event).  Lag time to the initial positive response when the intense harvest took place in the 
early spring as in 2016 was as short as 4 to 5 weeks for rotifers and nauplii and 10+ weeks for 
Cladocera and Copepods. If the harvest event occurred late spring as in 2017, then the lag time 
decreased 3 – 4 weeks for rotifers, nauplii, Cladocera and Copepods. For instance, by day 89 of 
2017 rotifers responded positively in both treatments suggesting seasonal succession was more 
important than harvest. However, by day 145 of 2017 rotifer density without harvest was lower 
than with harvest whereas the inverse was true for nauplii, and there was no difference for 
Cladocera and Copepods.  We believe the take-away message is that while more intense harvest 
benefits the ecosystem, the level of benefit is dependent on the type of zooplankton as well as 
the season and year of harvest.  
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Chapter 1. Ecosystem response of the Illinois River to the arrival and subsequent suppression of 
Asian carp: Patterns and trends in main channel zooplankton diversity, abundance, and biomass 
(2011 – 2015) 
 
Ana M. Chara-Serna and Andrew F. Casper 
 
1Illinois River Biological Station, Illinois Natural History Survey, Prairie Research Institute, 
University of Illinois at Urbana-Champaign, 704 N. Schrader Ave, Havana, IL 62644, USA 
 
1.0 ABSTRACT   
    Because Asian carp have a strong impact on zooplankton in mesocosms and because there has 
been a significant decline change in the number and diversity in the Illinois River since the 
invasive planktivores have expanded so rapidly. Based on this it is assumed that suppressing the 
carp will produce the opposite effect. Instead we found that zooplankton diversity, abundance, 
and biomass have varied significantly in the main channel of the Illinois River ecosystem 
between 2011 and 2015.  The zooplankton patterns and trends are different depending both on 
whether the upper or lower river reaches are being examined and, separately, depending on 
which taxonomic category, the more abundant micro-zooplankton (rotifers and nauplii) or rarer 
Macrozooplankton (Cladocera and Copepoda), are being considered. Overall taxonomic richness 
declines through time across the basin but macrozooplankton are more common and more 
diverse in the lower river reaches despite the greater abundance of invasive Asian carp.  We 
conclude that there is little evidence of a consistent positive ecosystem-wide response to the 
accelerating commercial harvest pressure. We speculate that, because the Illinois River 
ecosystem is so large and productive, this lack of response means that the harvest pressure has 
not yet been large enough to initiate the positive responses seen in isolated backwaters (see 
sections 2 & 3 in this report).  Despite this, we recommend continued monitoring of zooplankton 
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as an indicator of the ecosystem response as the harvest efforts and yield continue to accelerate 
in order to gauge what harvest threshold is needed for the river ecosystem to benefit. 
 
1.1 INTRODUCTION   
     The arrival and rapid proliferation of non-native species can have profound effects on the 
abundance and diversity of freshwater native biota (Wilson et al., 2004; Loo et al., 2007; Strayer 
et al., 2008). These effects are often associated with alterations in food web interactions resulting 
from predation, competition, habitat modification, or predatory release (Kornis et al., 2014). A 
prominent example of this phenomenon is the recent invasion of Silver Carp 
(Hypophthalmichthys molitrix) into the large floodplain rivers of the North America and the 
world. Silver carp had colonized much of the middle and lower Mississippi River basin by the 
late 1980’s and made its way into the Illinois River by 1995 (Chick and Pegg, 2001). Since their 
establishment, these voracious planktivores have become a dominant component of the fish 
assemblage in the Illinois River (Solomon et al., 2016), causing marked declines in abundance 
and biomass of zooplankton (Sass et al., 2014; DeBoer et al., 2019) with especially strong 
negative effects on density and fitness of several native planktivorous fish species (DeBoer et al., 
2019; Coulter et al., 2018; Pendleton et al., 2017; Sampson et al. 2009). 
     To counter this threat to the river, and adjacent Great Lakes ecosystem, a program of carp 
suppression through commercial harvest in the upper river was begun in 2010 (ACRCC 2016). 
One of the needs of this program was for clear criteria with which to judge its’ effectiveness. 
This includes both an understanding of the pre-harvest baseline ecosystem conditions and the 
post-harvest deviation from baseline conditions. The response of native and invasive fish 
abundance and native diversity are being addressed through several standardized monitoring 
efforts (MacNamara et al. 2016, Fritts et al. 2017, DeBoer et al. 2018, Love et al. 2018), however 
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these results can be somewhat ambiguous because fish are highly mobile with home ranges that 
extend beyond the harvest program boundaries (sensu Altenritter et al. 2018). Because the 
planktivorous Silver carp can have such a dramatic effect on zooplankton dynamics (Sass et al. 
2014), we proposed the use of zooplankton response to fish harvest as a complementary measure 
of harvest efficacy.  The primary assumption we are testing is whether zooplankton composition, 
abundance or biomass respond predictably and proportionally to carp suppression and whether 
any response is more rapid than changes in fish abundance or condition. Additionally, because 
the Illinois River has distinct geomorphological, water quality, and fish assemblages associated 
with its different sections (Lian et al., 2012; Parker et al., 2016; DeBoer et al., 2019) we can ask 
whether planktivory has a spatially discrete impact. Ultimately, understanding how emerging 
factors like the arrival of a novel, dominant invader compares to the suite of traditionally studied 
hydrologic and geomorphological drivers of large rivers will improve our ability to restore and 
manage the biodiversity and productivity of these important freshwater ecosystems. 
     In this first section of the final report, we document zooplankton dynamics while the 
suppression program was initiated and compare the relative importance of harvest compared with  
abiotic factors on zooplankton density, biomass, and diversity. Specifically, we test hypotheses 
about the effect of biotic interactions, food resources, hydraulic conditions, water quality 
characteristics, and non-native invasive species to find which set of variables are the best 
predictors of zooplankton community structure. We use five years of micro- and macro-
zooplankton collected across more 400 km of the Illinois River. We hypothesize physical 
variables such as temperature, turbidity, and velocity would be significant predictors in most 
situations. However, we suspect that some biotic forces, like Silver carp, may be a dominant 
factor where they are especially abundant. Finally, by examining these factors in a basin that 
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encompasses two different geomorphologies across five consecutive years, we can also assess 
whether factors are consistently important through time and space. 
 
1.2 METHODS   
Study area 
     The Illinois River is 439 km long tributary of the Mississippi River, and an important 
waterway connecting the Great Lakes at Chicago, Illinois USA, with the Mississippi River at 
Grafton Illinois (Figure 1). At more than 72,000 km2 the river’s watershed makes up more than 
40% of the land area of the state of Illinois (Delong, 2005; Lian et al., 2012). At the basin scale 
the river can be divided into upper, middle, and lower sections based on a combination of 
surficial geology, floodplain geomorphology, chemistry, and fish assemblage (Pegg and 
McClelland, 2004; McClelland et al., 2006; Theiling and Nestler, 2010; Parker et al., 2016). The 
upper-river reaches stretches 67 river km from just above the confluence of the Kankakee and 
Des Plaines Rivers to the dam at Starved Rock State Park (river km 371). In this upper section, 
the main channel of the river runs through a comparatively narrow valley with little floodplain 
habitat connectivity and a steep bed slope. The result is higher in-channel velocities and fedwer 
retention zones than the middle and lower Illinois. The lower river begins at the La Grange dam 
(rkm 227) and has much more extensive connectivity floodplain and backwater habitats in a 10-
12 km wide valley. The middle-river represents the transitional zone between the upper and 
lower river, generally reaching from above the Great Bend to the La Grange dam (Figure 1). 
 
Sampling methods 
     Zooplankton communities of the Illinois River were sampled from 2011 to 2015. Each year, 
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monthly zooplankton collections were conducted from June-November at 8 sampling stations 
along a 400-km stretch of the Illinois. At each station, macro- zooplankton samples were 
vertically-integrated (from a meter from the river bottom to within a meter of the water surface) 
were collected by pumping three replicate 30 L samples of river water through a 55 µm mesh. At 
the same time, microzooplankton samples were collected by pumping a single 10 L sample 
through a 20 µm mesh. A diaphragmatic pump connected to a weighted 7.6 cm diameter hose 
was used for both procedures. Resulting zooplankton samples were preserved in a 12% sugar-
buffered formalin solution. 
      For microscopic identification, samples were concentrated to a known volume and 
subsampled with Hensen-Stemple pipettes. Macrozooplankton subsamples (5 mL) were 
transferred to a Ward Whipple counting wheel and examined under a dissecting scope. 
Individuals were enumerated and identified until at least 100 individuals across all taxa were 
counted. Separate microzooplankton subsamples (1 mL) were transferred to Sedgewick-Rafter 
counting cell, and examined under a compound microscope. Individuals were enumerated and 
identified until at least 400 individuals across all taxa were counted. Microzooplankton samples 
were used to count and identify rotifers, veligers, and nauplii. Macrozooplankton samples were 
used for the rest of the taxonomic groups. Most taxa were identified to genus, except for veligers 
and nauplii which were not classified further. Biomass estimates based on carapace lengths were 
calculated using length-mass regression coefficients for individual taxa (Dumont et al., 1975; 
USEPA 2016, summarized in Appendix 5). The first 10 zooplankters from each taxon per sample 
were measured to the nearest 0.01 mm using images from a digital camera. The resulting average 
length data were used to estimate average taxa biomass per year. Total biomass was then 
estimated by multiplying each taxa average by the density of that taxa in an individual sample. 
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     Turbidity, temperature, dissolved oxygen, and water velocity were recorded at each sampling 
station at the time of zooplankton collection using a YSI EXO1 multi-parameter sonde. 
Estimates of total phosphorus and chlorophyll-a were obtained from two replicate water samples, 
collected 0.5 m below the surface for each site-date combination. Chlorophyll-a concentrations 
were estimated by acetone extraction, using standard fluorometric techniques (Hauer and 
Lamberti, 2007). Total phosphorus concentrations were measured using the ascorbic acid method 
after digestion with persulfate under acid conditions (Soballe and Fischer, 2004). 
     We obtained monthly average stage height values for each navigation pool from the U.S. 
Geological Survey National Water Information System (USGS, 2018). Fish abundance estimates 
were supplied by from the Long-term Electrofishing (LTEF) Program. LTEF sampled fish using 
a standardized protocol involving AC boat electrofishing at 27 fixed sites during a 6-week 
summer time window, between late August and the first week of October. See Fritts et al. (2017) 
for more details on data collection. From this data, we used monthly pool-wide biomass averages 
for the select planktivore species. 
 
Data analysis 
     All analyses were performed in R 3.4.4. (R Core Team, 2018). First, we examined spatial and 
temporal patterns in water quality and velocity variables along the river with principal 
component analyses (PCA). Second, we constructed linear mixed-effects models (LME) with 
random slopes to examine if there were significant spatial and temporal patterns in the 
distribution of density, biomass, and diversity of zooplankton in the main channel of the Illinois 
River. Year of sampling, reach (Upper, Middle, and Lower), and the year-reach interaction were 
treated as fixed effects, while season (summer, fall) was treated as a random effect. This way, we 
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were able to test if there were significant differences among years and study reaches, and 
whether the spatial distributions were consistent through time (Legendre and Gauthier, 2014). 
LMEs were constructed and tested using R packages lme4 (Bates et al., 2015) and car (Fox and 
Weisberg, 2011). As PCA and LME results confirmed marked differences in chemical and 
physical conditions of the upper, middle, and lower reaches of the Illinois, subsequent whole-
river analyses were complemented with reach-scale models to determine which explanatory 
variables were driving temporal differences among reaches. 
We evaluated hypotheses about the main physical and biological factors influencing zoo- 
plankton communities at the basin and reach scales (Table 1). Hypothesis 1 is based on the 
assumption that decreased water clarity may limit primary production by phytoplankton, thereby 
reducing food availability for zooplankton (Kirk and Gilbert, 1990). Additionally, turbidity is 
often correlated with suspended solids which at high concentrations may limit feeding efficiency 
and assimilation rates (Hart, 1988; Kirk, 1991). Hypotheses 2 and 3 are based on the metabolic 
effects of water temperature and dissolved oxygen on zooplankton metabolic rates and 
population performance (Heinle, 1969; Lair, 2006). Hypothesis 4 assumes zooplankton are 
strongly limited by either hydraulic conditions which may transport them downstream before 
they can reproduce or the physical stress from turbulence which reduces fecundity and survival 
(Lair, 2006; Thorp and Mantovani, 2005). The concept of a flow pulse below bankfull describes 
hydrologic changes in discharge and stage height that, while not allowing the river leaving the 
channel, do affect the structure and function of the riverine assemblage (Tockner et al., 2000) 
which we measured as the coefficient of variation (CV = SD/Mean) of the stage height. The fifth 
hypothesis captures the effects of the food availability and is indexed with chlorophyll-a 
concentration as a proxy for phytoplankton biomass and total phosphorus which reflects 
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phytoplankton growth (Lair, 2006). Our sixth hypothesis assesses the potential for of biotic 
interactions, in this case predation by an invasive planktivore and is tested using Silver carp 
(Hypophthalmichthys molitrix) annual biomass estimations. Hypothesis 7 evaluates the impacts 
of planktivory by both native and invasive fish. This hypothesis is tested using annual biomass 
estimations of silver carp plus the  Gizzard shad (Dorosoma cepedianum), as they are the two 
most abundant planktivore species across all three reaches of the Illinois River (Love et al., 
2017; Solomon et al. 2016; Pendleton et al., 2017). Hypotheses 8 and 9 were constructed to 
evaluate the dominance of physical factors (Hypothesis 8) versus biological factors (Hypothesis 
9). Finally, hypothesis 10 was constructed to capture the combined effects of the biological and 
physical variables considered in the previous hypotheses. 
To test these hypotheses, we applied information theory and multi-model inference to 
select the best approximating LME models to predict density, biomass, and richness in the 
selected spatial units. For whole-basin models data was averaged per year and sampling station 
(site). Thus, we explored whether the addition of random slope terms for year and/or site 
improved model performance. For reach-scale models we used summer and fall averages per site 
and year and we evaluated year, site, and season as potential random slope terms. Before 
constructing the LME models corresponding to the hypotheses presented in table 1, we addressed 
collinearity of the fixed predictor variables within each hypothesis following the methods 
proposed by Zuur et al. (2010). We calculated the Variance Inflation Factors (VIF) for the 
candidate predictors and sequentially dropped the predictor with the highest VIF, recalculated 
the VIFs, and repeated the process until all VIFs were less than 3. In order to compare variables 
in different scales, we standardized predictors to a mean of 0 and a difference of 1 using the 
Standardize function from the arm package. Then, we built the set of 10 candidate models 
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including the selected predictor variables as fixed effects and the selected random slopes. Using 
the aictab function of the AICcmodavg package, we selected the most parsimonious model, 
according to the Akaike Information Criterion for small sample sizes (AICc, Burnham and 
Anderson, 2002). In cases where the Akaike Weight (probability that a given model is the best) 
of the best model was less than 0.9, we averaged the top models to account for model selection 
uncertainty (Grueber et al., 2011), otherwise we base inference on the single best model. The top 
model set was obtained by selecting all models within 4 AICc of the best model (∆ AICc <4). To 
further evaluate the fit of the top ranked models, we computed the marginal R2 (Rm
2, the 
proportion of the variance explained by fixed effects) and the conditional R2 (Rc
2, the proportion 
of the variance explained by both fixed and random effects), according to the methods proposed 
by Nakagawa and Schielzeth (2013). If more than one top model was chosen, we estimated 
standardized model average slope coefficients and 95% confidence intervals for fixed effects 
using model.avg function from the MuMin package. We only report and interpret predictors with 
significant confidence intervals (i.e. not overlapping zero). When necessary, square-root 
transformations were applied on the raw data to improve normality of positively skewed 
distributions of count variables, and log-transformations were used to improve normality in other 
types of variables (Quinn and Keough, 2002). 
 
1.3 RESULTS   
Environmental variables 
     The PCA identified two principal axes that together explained 67% of the variation in 
physical and chemical characteristics of the Illinois River (Figure 2a). Axis-1 explained 50% 
of the variation, and was positively correlated with water velocity and turbidity, whereas 
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negatively correlated with temperature, conductivity, and total phosphorus (TP). Axis-2 
explained 17% of the variation and was strongly associated with dissolved oxygen 
concentrations (DO) and flow pulse (CV Stage). While there was no clear temporal trend 
along the two principal axes, Axis-1 appeared to represent a longitudinal gradient, separating 
three main reaches along the river (Figure 2b). Sampling sites in the Upper reach (Channahon, 
Morris, and Ottawa) tended to group towards the negative side of Axis-1, which reflected this 
reach having the lowest turbidity and velocity, as well as the highest temperature and TP out 
of the three river reaches (table 2. On the other hand, sampling sites in the Lower (Florence 
and Grafton) and Middle Illinois (from Henry, past Peoria, to below Havana) tended to 
organize towards the positive side of Axis-1. These two reaches had similar average values for 
turbidity and temperature, but the Lower Illinois had the highest water velocity and the lowest 
TP out of the three river reaches (table 2). 
Pearson correlations provided additional information about the association between the 
biological and environmental explanatory variables considered in this study and their long- 
term trends (table 2, appendix S1). Out of the nine explanatory variables, only flow pulse was 
strongly associated with year, showing a strong tendency to increase over the five year period 
(table 2). Silver carp biomass was strongly and positively correlated with total planktivore 
biomass (r = 0.99, P<0.001). This was not surprising as silver carp represented 96% of the 
total biomass of the two planktivore species considered in this study (Figure 3). Silver carp 
biomass and planktivore biomass were positively correlated with chlorophyll-a, flow pulse, 
and turbidity, while negative correlated with TP and temperature. On the other hand, 
chlorophyll-a was positively correlated with turbidity and negative correlated with 
temperature (appendix S1). 
 
 
17 
 
Zooplankton community 
     Zooplankton density averaged 530 ± 49 ind. L-1 (± SE) and biomass averaged 1835 ± 184 µg 
L-1 throughout the study period. Zooplankton communities of the Illinois River were strongly 
dominated by rotifers, which represented 98% of the density and 99% of the biomass collected in 
the five years of study. Across this period, 75 zooplankton taxa were collected, including 36 
Rotifera genera, 22 Cladocera genera, and five Copepoda taxa. The rotifer genera Trichocerca, 
Synchaeta, and Polyarthra were the most important taxa in terms of numbers, comprising 32%, 
23%, and 18% of the total density, respectively. In terms of biomass, Polyarthra (45%), 
Synchaeta (20%), and Brachionus (17%) were dominant across the study. Cladocerans, which 
only comprised 0.8% of the total abundance and 0.7% of the total biomass, were mainly 
represented by Bosmina (0.3% density, 0.2% biomass), and Moina (0.2 % density and biomass). 
Copepoda taxa only represented 0.1% of the abundance and biomass of the sampled community. 
There were significant differences in zooplankton density among sampling years (Table 3), 
but there was no consistently increasing or decreasing trend across the five year period (Figure 
4). Furthermore, we detected significant differences in density among sampling reaches, and a 
significant interaction between year and reach, indicating the spatial differences were not 
consistent over the years (Table 3). Similar statistical results were observed for total zooplankton 
biomass and richness (Table 3). However, while there was no consistent trend for either 
abundance or biomass clearly a decline in richness over time (Table 3, Figure 4). Given the 
significant time-space interactions, the temporal changes in the response variables were explored 
independently for each sampling reach (Figure 5). 
Linear mixed effects models (LMEs) built at the basin scale for the three zooplankton metrics 
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had high explanatory power, with Rc
2 values ranging from 0.46 to 0.88 (table 4). Density was 
best explained by water velocity, which had a positive effect that explained 33% of the variation 
in density along the river (Figure 6a). Zooplankton biomass was also explained by water velocity 
(positive effect), as well as turbidity (positive effect) and total phosphorus (negative effect). 
Together, these three variables explained 24% of the variation in zooplankton biomass (Figure 
6b-c). The best explanatory variable for zooplankton taxa richness was the biomass of 
planktivore fish species, which explained 10% of the reduction zooplankton diversity in the river 
along the five year period (Figure 6e). 
LMEs built at the reach scale also had relatively high explanatory power and denoted marked 
spatial differences in the main variables driving zooplankton communities (Table 5). At the reach 
scale, density was more closely associated with biological factors, with chlorophyll-a driving 
patterns in the Upper Illinois and planktivore pressure driving patterns in the Middle and Lower 
reaches. Biomass was determined by both physical and biological factors, with flow pulse being 
important in the Upper and Middle reaches, while planktivore biomass and temperature were 
dominant in the Lower reach. Variables driving zooplankton assemblage differed considerably 
among reaches over the five year period (Table 5). Zooplankton density was influenced by both 
physical and biological factors in the Upper Illinois, with velocity and chlorophyll-a having a 
positive effect that explained 23% of the variation of the data. In the middle and lower reaches, 
zooplankton density was mostly predicted by physical factors, with density increasing as 
turbidity increases in the middle reach and as temperature increases in the lower reach. 
Zooplankton richness was the metric best explained by the LMEs obtained through model 
selection (Table 5; Rc
2 from 0.89 to 0.96). In the Upper Illinois, physical predictors were most 
influential for zooplankton richness; with both temperature and flow pulse having a positive 
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effect. In the middle reach of the Illinois, flow pulse was the dominating variable, explaining 
12% of the variation in richness. In the lower Illinois, richness was strongly associated with 
Silver carp biomass (negative effect), temperature (positive effect) and total phosphorus 
(negative effect) throughout the study period. 
 
1.4 DISCUSSION   
Zooplankton community structure of the Illinois River 
Instead of having a negative relationship with invasive carp, zooplankton have shown a 
mixture of positive and negative responses across the entire river.  Diversity, especially of 
crustaceans, has steadily declined while density and biomass have oscillated, often by more than 
50%. In addition, it is clear that the trends and patterns are contingent on which taxa, specifically 
with rotifers and nauplii or copepods and cladocerans, are being considered.   Like earlier studies 
we found that rotifers still dominated zooplankton community, abundance, and biomass in the 
Illinois River across all reaches and years, regardless of the geographic differences in hydrology, 
food resources, or planktivore pressure. Cladocerans are also present throughout the study but at 
densities an order of magnitude lower than rotifers. Copepods, the least numerous group of 
macro-zooplankton, were significantly more abundant and of greater biomass in the upper two 
reaches where the river is more strongly influenced by diverted Lake Michigan water and where 
invasive carp were much less abundant. These observations agree with findings by Sass et al. 
(2014) and suggest the impacts of Asian carp on zooplankton taxa vary at both the local and 
geomorphological reach scale. Rotifers are commonly the most numerous plankton reported for 
most other large river systems on many continents such as those of the Midwest and Great Plains 
of North America (Thorp and Mantovani, 2005; Sluss and Jack, 2013), the Middle East (Jafari et 
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al., 2011), and in Western Europe (Picard and Lair, 2005). 
 
Zooplankton as indicators of ecosystem response to Asian carp harvest 
We can conclude that zooplankton do make good ecosystem indicators of invasive Silver 
carp trends. In this case community composition, especially of the species richness, produced a 
clear downward trend over time. However the substantial interannual difference in density and 
biomass suggests that there are factors other than a simple relationship to carp numbers at work. 
We also found that the response of zooplankton can differ among river reaches, suggesting their 
use as an ecosystem indicator should be contingent on spatial differences in biotic and abiotic 
attributes. These results are in agreement with several previous studies finding strong 
longitudinal patterns in fish community composition and physico-chemical characteristics of the 
Illinois River (Pegg and McClelland, 2004; McClelland et al., 2006; Theiling and Nestler, 2010; 
Parker et al., 2016). For example, Pegg and McClelland (2004) and Parker et al. (2016) observed 
fish community structure differed among upper and lower reaches of the Illinois River, and 
suggested those spatial trends could be traced back to significant differences in geomorphology 
and water quality conditions. Similarly we observed that the upper river was warmer, less turbid, 
and higher concentration of phosphorus than the lower reaches, reflecting the impacts of urban 
landscape and inflow of diverted of Lake Michigan waters at Chicago (Parker et al., 2018). 
Along the same lines, we documented turbidity increased downstream, which reflects the marked 
effects of sediment runoff associated with agricultural land use in the middle and lower Illinois 
(Theiling, 1999; Parker et al., 2018). Our study takes these observations a step further, as we 
show that the spatial variation of these physico-chemical factors influencing fish assemblages 
also shape zooplankton community structure. This resulting pattern is not the longitudinal 
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downstream gradient in abundance, richness, and biomass that is commonly proposed but is 
more accurately series of patches or functional zones that influence both drivers and the 
responses zooplankton. 
By evaluating these responses both at the basin and the reach scale, we were able to see how 
the relative influence of environmental factors on zooplankton communities varied 
geographically. For example, zooplankton density was mainly a function of water velocity at the 
basin scale, while biological factors were influential at the reach level. Therefore, when variation 
in velocity becomes smaller within a reach, food web interactions, represented by chlorophyll-a 
and planktivore biomass, become much more relevant. This pattern readily agrees with the 
notion that in large rivers biological factors become important after physical constraints have 
taken place (Lair, 2006). We observed a similar response for zooplankton biomass; abiotic 
factors (water velocity, turbidity, and total phosphorus) were predominant at the basin scale, 
while a combination of biotic (Silver carp biomass) and an abiotic factor (flow pulse) dominated 
at the reach scale, with Silver carp becoming important in reaches where they were more 
abundant (Love et al., 2017). 
Taxonomic richness was the only zooplankton metric driven by a biological factor at the 
basin scale (planktivore biomass). This is very interesting, as it suggests the marked decline in 
zooplankton richness across the five years of study is a function of increasing planktivore 
pressure from the Silver carp invasion. These results are in agreement with several previous 
investigations suggesting negative effects of planktivore invaders on plankton communities 
(Strayer et al., 2008; Amundsen et al., 2009; Pace et al., 2010), but also constitutes one of the 
few examples of such pressures playing a pivotal role in large floodplain rivers. Another one of 
these examples reported reductions in zooplankton abundance and shifts in community 
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composition after the invasion of Silver carp in the Middle Illinois reaches (Sass et al., 2014). 
Sass et al. (2014) also compared the Upper and Lower sections of the Illinois, demonstrating that 
the Lower Illinois, which had higher Silver carp abundance, had lower zooplankton abundance 
and lower relative abundance of cladocerans and copepods. Our results confirm and expand on 
those findings by demonstrating that from 2011 to 2015 the effects Silver carp on zooplankton 
biomass and abundance were stronger in the lower reaches, but were not influential enough to 
cause basin-level trends for those metrics. Furthermore, our results highlight that invasive and 
native planktivore pressure was strong enough to cause basin- scale declines on zooplankton 
diversity spanning multiple years. This is a worrisome trend that supports a growing body of 
literature suggesting invasive species have a major role in global losses in diversity of freshwater 
species (Dudgeon et al., 2006; Hermoso et al., 2011; Kelly et al., 2013), and highlights the 
importance of including zooplankton diversity measurements in monitoring programs designed 
to assess the impact of invasive species on especially diverse and productive large river systems 
like the Illinois. 
 
Implications for the other rivers threatened by invasive planktivores  
Key questions in river theory have shifted from whether spatial-temporal patterns in 
secondary consumers like zooplankton and fish exist (Thorp et al., 1994; Basu et al., 2000; 
McClelland et al., 2006) to determine which set of environmental drivers are responsible for 
these patterns (Thorp and Mantovani, 2005; Gibson-Reinemer et al., 2016; Parker et al. 2018; 
DeBoer et al., 2019; Chick et al., 2019). We used the rapid expansion of Silver carp as an 
opportunity to explore whether biological interactions could shape riverine zooplankton 
assemblages and dynamics. However, we wanted to go beyond asking simply whether Silver 
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carp can affect zooplankton to ask a broader ecological question; whether biotic drivers like 
these invasive planktivores have as a strong or a stronger effect than the traditional abiotic 
drivers like hydraulics and geomorphology. While our results indicate that invasive species can 
definitely be as important as abiotic drivers, they also show that there is spatial complexity at the 
reach scale in both the influence of drivers and the responses of riverine communities. However, 
we believe this complexity is not an indication of poor predictive power of any individual driver 
we examined. Instead, we propose it reflects the same spatially and temporally heterogeneous set 
of influences that drive fish assemblages across the Mississippi River in general and this 
tributary in particular (Parker et al. 2018; Chick et al., 2019; DeBoer et al., 2019). 
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1.6 TABLES AND FIGURES  
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Table 1: Hypotheses about factors driving zooplankton density, biomass, and richness in the 
Illinois River. 
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Table 2: Summary of response and explanatory variables used to model factors shaping 
zooplankton communities of the Illinois River. Values represent mean ( SD) for each study reach 
across the five-year period and their Pearson correlation with sampling year (r).  Boldface used 
to indicate significant Pearson correlations     (p < 0.05). 
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Table 1.3: Summary of linear mixed effects models evaluating spatial and temporal differences 
in abundance, biomass, and richness of zooplankton communities in the Illinois river from 2011 
to 2015. All models include random slopes for season and site. The marginal R2 (Rm
2) represents 
the amount of variance explained by the fixed factors in the model. The Rc
2 represents variance 
explained by fixed and random effects. 
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Table 1.4: Summary of best linear mixed effects models for each zooplankton metric at the basin 
scale. Standardized model average slope coefficients (β) and ± 95% confidence intervals (CI) are 
presented for all significant fixed predictors (Xi) in each model. Hypothesis (H0) column 
indicates which of our initial hypotheses (Table 1) is supported by each model. Rm
2 and Rc
2 
notation is consistent with Table 3. 
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Table 1.5: Summary of best linear mixed effects models for each zooplankton metric at the reach 
scale. Standardized model average slope coefficients (β) and ± 95% confidence intervals (C.I.) 
are presented for all significant predictors (Xi) in each model. Hypothesis (H0) column indicates 
which of our initial hypotheses (Table 1) is supported by each model. 
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Figure 1: Map of the study area showing zooplankton sampling locations in the Illinois River. 
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Figure 2: Principle component analyses (PCA) characterizing 67% of the spatial and temporal 
patterns among the environmental variables at the reach-level in the Illinois River. The two 
principal axes that together explained physical and chemical characteristics. Axis-1 explained 
50% of the variation, and was positively correlated with water velocity and turbidity, whereas 
negatively correlated with temperature, conductivity, and total phosphorus (TP). Axis-2 
explained 17% of the variation and was strongly associated with dissolved oxygen 
concentrations (DO) and flow pulse (CV Stage). 
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Figure 1.3 Mean annual biomass of Silver carp (H. molotrix) and Gizzard Shad (D. cepedianum) 
in the Illinois River between 2011 and 2015 estimated from the long-term electrofishing program 
(sensu Fritts et al. 2017). 
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Figure 1.4 Temporal dynamics of total zooplankton density (a), biomass (b), and richness (c) in 
the Illinois River. Black circles indicate monthly average of all sampling years across all 
sampling stations. Shaded areas indicate summer months. 
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Figure 1.5  Reach-level temporal dynamics for the major taxonomic categories of zooplankton at 
the reach-level of total density (a), biomass (b), and richness (c) in the Illinois River between 
2011 and 215  
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Figure 1.6  Linear regression (with 95% confidence intervals) between the best explanatory 
variable for each statistically significant zooplankton attribute across the Illinois River Basin 
between 2011 and 2015.  
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Chapter 2. Does single crew commercial harvest of Bighead (Hypophthalmichthys nobilis) and 
Silver carp (H. molitrix) benefits the Illinois River: A Test of Zooplankton as a Rapid Indicator 
of the Suppression of Invasive Species 
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2.0 ABSTRACT   
Hypophthalmichthys nobilis and H. molitrix have rapidly spread throughout the Upper 
Mississippi River basin, significantly altering the zooplankton and fish assemblages as they have 
become established since at least the 2000’s. To reduce the probability of a similar invasion 
trajectory in the Great Lakes Basin, commercial harvest of Asian carp in the Illinois River is 
being used to limit further upstream expansion into Lake Michigan. This study assesses the 
response of riverine plankton to three levels of harvest; none, medium (951 kg/km2 month-1) and 
high harvest (8229 kg/km2 month-1) from August to October of 2015. Results show that while 
rotifer densities were highly variable, they were also statistically greater at medium and high 
harvest levels. By comparison, the response of the larger-bodied crustaceans were more mixed: 
adult copepods were largely unaffected by either harvest or month while nauplii and cladocera 
abundance both increased at the highest harvest. While any level of harvest benefited rotifers, 
these results suggest higher harvest rates may be needed to influence the slower growing nauplii, 
copepods, and cladocera. Finally, while the harvest program was designed primarily to limit 
further spread of the Asian carp, there is also a secondary benefit for zooplankton in invaded 
portions of river ecosystems.  
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2.1 INTRODUCTION 
The rapid upstream expansion of the planktivorous Bighead and Silver carp 
(Hypophthalmichthys nobilis Richardson, 1845 and H. molitrix Valenciennes, 1844), collectively 
known as Asian carp through much of the Mississippi River and its tributaries has led to major 
changes in the riverine biota. The resulting response has been declines in both zooplankton 
abundance and , subsequently, the planktivore condition as well as shifts in relative abundance of 
planktivorous species (Chick & Pegg, 2001; Sass et al., 2014; Solomon et al., 2016; Pendleton et 
al., 2017; DeBoer et al. 2017). Because these changes have occurred in as little as a decade after 
establishment, there is a broad realization that Asian carp represent a significant threat to the 
fisheries of the Great Lakes basin and its many tributaries.  In response to this threat, there have 
been growing efforts to find a strategy for keeping Asian carp out of adjacent aquatic ecosystems, 
up to and including blocking or disconnecting the century old man-made link between the 
Mississippi River and the Great Lakes (Kolar et al., 2005; Patel et al., 2010; Rasmussen et al., 
2011; USACE 2014).  
Asian carp are generally thought to feed on a mixture of phytoplankton and zooplankton 
(Tumolo, 2015; Mozsár et al., 2017). However based on studies from aquaculture the two species 
do have divergent feeding habits. Bighead carp select for zooplankton greater than 50 μm 
including both rotifers and crustaceans while Silver carp are known to be able to filter particles 
less than 10 μm, a range that encompasses most types of phytoplankton (Calkins et al. 2012; 
Dong and Li, 1994; Cremer and Smitherman 1980; Opuszynski and Shireman, 1991). Despite 
these differences both species have higher growth rates when their diet includes zooplankton 
(Bitterlich and Gnaiger 1984). Thus, the Asian carp main influence on aquatic ecosystems is 
likely through planktivory. An unanswered question about the use of harvest as a management 
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tool is whether there might also be broader ecological benefits river where Asian carp are already 
established and how much harvest would be needed to have a positive effect. 
The strong interaction with zooplankton thus provides a tool for directly assessing 
management and control efforts, rather than limiting us to indirectly speculating on it based on 
planktivore population dynamics alone. The first step in assessment of zooplankton as an 
indicator of harvest success and the primary research question of this study is whether any level 
of commercial harvest of Asian carp leads to increases in zooplankton abundance in backwaters. 
The study design compares monthly mean zooplankton abundances in ten backwaters of the 
upper Illinois River that are divided among three levels of harvest effort (none, low, and high) 
between August and October of 2015. The goals of this study then were to determine if;  
1) Zooplankton abundance varies inversely with harvest level 
2) The response to harvest level is different among rotifer, copepod nauplii, copepod adults, 
and cladocerans  
3) There is a confounding effect of season (measured as month of sample collection) on any 
significant response to harvest level. 
 
2.2 METHODS 
Location 
The Illinois River is a major tributary of the Mississippi River that was artificially 
connected to Lake Michigan by the construction of the Chicago Area Waterway System 
(CAWS) in the early 1900’s (Delong, 2005; Olson and Morton 2017). The river can be divided 
into upper and lower sections with the backwaters of lower river being the very productive and 
the location of large scale commercial fishing since the 1800’s (Kofoid 1903; Delong 2005). 
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Targeted commercial harvest of Asian carp occurs primarily in upper river including in 
connected backwaters across a spectrum from natural off-channel locations, to flooded quarries 
and commercial marinas found from river kilometer (RK) 371 to 458 (Figure 1). While the 
surface area and depth of these backwaters may fluctuate somewhat seasonally as natural 
hydrograph changes, management of a series of dams for navigation has reduced the range of 
fluctuation Contracted commercial harvest occurs during the ice-free period of any given year 
but is generally not conducted during floods for safety considerations. Backwater surface areas 
used to standardize harvest to per km2 were derived from aerial imagery (Google Inc., 2017): 
Starved Rock Marina (0.05 km2), Starved Rock Yacht Club (0.07 km2), Sheehan Island (0.16 
km2), Abandoned Marina (0.04 km2), Heritage Harbor (0.13 km2), Hidden Cove Marina (0.06 
km2), Boondocks Harbor (0.02 km2), Hanson Quarry Pit (1.84 km2), Peacock Slough (0.24 km2), 
and Rock Run Rookery (0.33 km2; Figure 1).  
 
Sample Collection 
All samples were collected once a month during August, September, and October of 2015. 
Collection sites within an individual backwater were selected by randomly dispersing ten points 
in each individual backwater using ArcGIS 10.3 and the appropriate National Hydrography 
Dataset (NHD) layer (ESRI, 2015; U.S. Geological Survey, 2015). During each monthly 
sampling event, limnological measurements were collected from the 10 sites per backwater and 
averaged. Measurements were obtained using both an accumet™AP 115 portable pH meter 
(Fisher Scientific, Pittsburgh, PA) and an EXO2 sonde (YSI, Inc. Yellow Springs, OH) and 
included; water temperature (Celsius), specific conductivity (µS/cm), dissolved oxygen (mg/L), 
turbidity (NTU), fluorescent dissolved organic matter or FDOM (ppb), fluorescent chlorophyll a 
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(µg/L), and nitrate (N03-N mg/L). The depth (m) of each site was measured with a GPSMAP® 
441s mounted at the stern of the boat (Garmin, Olathe, KS). Secchi depth (cm) was obtained by 
averaging the lowered and raised Secchi depth. During each sampling event, a randomly selected 
subset of 5 of the 10 points was chosen for zooplankton sampling. If any of these 5 pre-selected 
points fell in a location that was inaccessible during the actual sampling event, the next closest 
accessible site from the a priori 10 was used instead. Zooplankton samples were collected with a 
diaphragm pump connected to a 6.35 cm diameter hose (Chick et al., 2010; Sass et al., 2014; 
Thomas et al., 2017). Samples were vertically-integrated by raising and lowering the hose 
through the water column while pumping.  The sample for enumerating crustaceans (adult 
copepods and cladocerans) was obtained by pumping 30 L of water through a 55 μm mesh. A 
separate sample for rotifers and nauplii was collected by pumping 10 L of water through a 20 μm 
mesh. Both types of samples were preserved in the field with a 12% sugar-buffered formalin 
solution. Rose Bengal stain was added after returning to the laboratory.  
 
Estimating Harvest  
Harvest estimates were collected by the Illinois Department of Natural Resources (IDNR) 
Aquatic Nuisance Species Program personnel as a part of the Asian carp control project for the 
upper Illinois River. The goal of this program, first implemented in 2010, is to reduce the 
likelihood of Asian carp from moving further upstream into the Great Lakes Basin via the 
Chicago Area Waterway System. Harvest pressure is used to reduce the density of Asian carp 
between RK 371 and 458, downstream of the electric barrier at the US Army Corps of Engineers 
Brandon Road lock and dam facility at RK 458 (ACRCC 2016, USACE 2014).  Commercial 
gear was deployed by 5 – 10 crews during ice free months. This gear consisted primarily of 
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customized trammel and gill nets with mesh of 76 to 127 mm (ACRCC 2016). Two different 
approaches are most commonly used for any given harvest event (defined as a date-backwater 
combination): daytime net sets where fish are herded into the nets with noise, or overnight sets 
that do not require herding of the fish. Harvest data for each event consisted of a total count of all 
individuals captured and a weight (grams) of a sub-sample of 30 individuals of bighead carp and 
silver carp to provide an estimate the total mass of each removed per month (T. Widloe, IDNR, 
personal communication). Finally, all Asian carp captured were processed for non-human 
consumptive products, mainly liquid fertilizer.  
The total mass of Asian carp removed for each backwater harvest event was calculated by 
multiplying the total number of fish removed by the estimated individual mass. The harvest total 
for a month was calculated as the total mass removed from an individual backwater during the 26 
to 28 days prior to zooplankton sampling. Due to the wide range of surface area across the ten 
backwaters (0.02-1.84 km2), the cumulative monthly mass of harvested Asian carp for each 
backwater was divided by the backwater surface area to create a proportional harvest variable 
(Asian carp kg km-2 month-1). The backwaters were then categorized into either no, low, or high 
harvest treatments to have approximately the same number of replicate backwaters in each 
treatment (Figure 1). The no harvest level backwaters were: Starved Rock Marina, Starved Rock 
Yacht Club, Hidden Cove Marina, and Boondocks Marina. The low harvest level backwaters 
were: Abandoned Marina, Heritage Harbor, and Rock Run Rookery. Lastly, the high harvest 
backwaters were: Sheehan Island, Hanson Quarry Pit, and Peacock Slough.  
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Laboratory Analysis 
In the laboratory, each 55 μm crustacean sample collected was filtered down to 50 mL. 
From this a homogenized 5 mL subsamples were collected and transferred to a counting wheel 
using a Hensen-Stemple pipette for identification and enumerating. Repeated subsamples were 
taken until a minimum of 200 copepods and cladocerans were enumerated; this generally 
equated to a subsample volume that fell between 60 and 100% of the original 30 L field sample. 
Similarly, each 20 μm nauplii and rotifer sample was also filtered to a volume of 50 mL from 
which a homogenized 1 mL subsample taken. These subsamples were then placed in a gridded 
Sedgewick-Rafter counting cell for enumeration. This subsampling was repeated until a 
minimum count of 400 rotifers and nauplii was enumerated, typically equating to a subsampled 
volume between 2% and 20% of the entire 10L field sample. Five replicates per backwater per 
month were used to calculate a mean density per liter for each of the 4 taxa categories is reported. 
Enumeration of copepods and cladocera from the 55 μm samples was done under a Leica S8 
APO dissecting scope (80x magnification) with a Leica DMC 2900 camera; or under a Leica S8 
APO dissecting scope (80x magnification) with a Leica DFC295 camera (Leica Microsystems, 
2017). The rotifer and nauplii were enumerated under a Leica DM750 compound scope (200x 
magnification) with a Leica ICC50HD camera. Digital images were taken with Leica 
Application Suite 4.5 (Leica Microsystems, 2017) to verify any distorted or otherwise 
questionable individuals. 
 
Statistical Analysis 
Separate 2-factor ANOVAs for rotifer, nauplii, copepods, and cladocerans (α = 0.05) 
were used to determine if density (number of individuals per liter) varied with harvest level (no, 
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low, and high), month (August, September, October), or the interaction of harvest level and 
month. Each ANOVA model was initially run with both factors and an interaction statement but 
if interaction was not significant, the model was rerun without an interaction statement. 
Statistical analyses were completed using PROC GLM from SAS© software version 9.4 (SAS 
Institute Inc., Cary, NC). Normality was assessed using the Shapiro-Wilk test and from visual 
inspection of the plotted residuals. Homogeneity of variance was tested with Levene’s test and 
from visual inspection of the plotted residuals. To better conform to the assumption of normality 
and homogeneity, our initial results suggested a log10 (X+0.001) transformation be applied to all 
zooplankton density data (Note that abundance results are reported as per L-1). If an ANOVA 
model factor was significant, the Tukey HSD method was then used to determine which of the 
harvest means differed and a was used to determine which month means differed (Kramer, 1956). 
Limnological differences were assessed separately to determine if there were any anomalous 
differences among the ten backwaters that might have affected the zooplankton densities 
independent of harvest or month. 
 
2.3 RESULTS 
Limnological Variables 
Of the ten limnological variables collected only four, depth, pH, specific conductivity and 
nitrate-N, varied in a statistically significantly way among harvest levels and month (Table 1). 
For all treatments, the pH, specific conductivity, and nitrate-N were statistically greater during 
the month of October (p < 0.01 for all three). Surface water temperature was also affected by 
month with October being the coolest of the three months (p < 0.01). Depth of the non-harvested 
backwaters was consistently a meter shallower than either harvest treatments (p = 0.01). 
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However, this may be an artifact of the design in that there is a minimum depth needed by 
commercial fisherman for net sets to be functional. The variables that were not significant among 
months or harvests were dissolved oxygen (p = 0.67), fluorescent dissolved organic matter 
(P=0.11), and secchi depth (p=0.07). Although the overall ANOVA models for turbidity 
(p=0.03) and chlorophyll a (p=0.04) were significant, the analysis either lacked the power to 
assign significance to a factor(s) or, alternatively, an unmeasured factor may have been 
responsible. This was also the situation for both turbidity (pmonth = 0.06 and pharvest = 0.05) and, 
chlorophyll a (pmonth = 0.07 and pharvest = 0.07).  Based on these results, we conclude that none of 
the limnological variables vary in relation to harvest in a way that would confound interpreting 
the zooplankton response to harvest level. 
 
Zooplankton Response to Harvest 
The mean monthly Asian carp harvest was 0 kg/km2 in the no harvest level, 951 kg/km2 
in the low harvest level, and 8229 kg/km2 in the high harvest level treatment (Figure 2). In 
general rotifers were consistently the most abundant zooplankton regardless of harvest level or 
month followed in descending order by nauplii, copepods, and cladocerans (Figure 3). The 
results from the ANOVA showed that neither adult copepods nor nauplii were responsive to 
harvest or month (Table 3). The significant explanatory factor for rotifers was harvest while for 
cladocerans it was month (Table 3). Mean density of rotifers in the low and high harvest 
treatments were different than the no harvest. In contrast, cladocerans varied with month, with 
the mean density in October samples being less than either August or September (Figure 3, Table 
3). It should be noted that if an alpha of 0.1 were used for a p-value instead of 0.05, then there 
would be additional interpretations that could be made.  Specifically, that harvest would have a 
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positive effect on both nauplii and cladocerans (Figure 3, Table 3). Thus, we conclude that 
nauplii and cladoceran results are marginally significant and that if additional sites were 
available, that these might also become significant at alpha = 0.05. 
 
2.4 DISCUSSION 
The primary goal of implementing commercial harvest of established Asian carp 
populations is to limit their further spread into adjacent uncolonized waters like those of the 
Laurentian Great Lakes (ACRCC 2016). However, harvest may also provide additional benefits 
in aquatic ecosystems where the invaders are already well established. After more than a decade 
of steady declines in native planktivores as Asian carp populations have increased (Pendleton et 
al., 2017), accelerating harvest of the carp is associated with both increases total zooplankton 
abundance and the improving condition of native planktivores (MacNamara et al., 2016; Love et 
al., 2017; this study). However, when the zooplankton response is assessed at finer taxonomic 
levels the results, while still positive, are more mixed. For instance, the removal of 951 kg/km2 
month-1 of Asian carp led to a significant increase in abundance of rotifers but not crustaceans. 
At a tenfold greater harvest rate of 8229 kg/km2 month-1 the increases that extended to the larger 
copepods and cladoceran, though these were still not as proportionally large as seen in rotifers. 
This confirms that harvest can lead to a positive response by zooplankton while also suggesting 
that even higher levels of harvest pressure than we assessed are needed to produce robust 
increases across all types of zooplankton. Recognizing the need for higher levels of harvest is 
important to the future design (i.e. the Unified method described in a separate chapter of this 
report) and operations of the on-going efforts to manage and mitigate the spread of this example 
of an AIS.  
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Crustacean zooplankton are a critical food resource for fish as they transition from 
juveniles to adults (Welker et al. 1994; Graeb et al. 2004). In the decade since the arrival of 
Asian carp in the Upper Mississippi River and its tributaries, there has been a precipitous decline 
in zooplankton abundance, especially that of the large-bodied and more slowly reproducing 
crustaceans (Sass et al. 2014; ACRCC 2016; DeBoer et al. 2017). In fact, since the early 2000’s, 
large bodied crustacean zooplankton abundance rarely exceeds the 50 individuals per L-1 which 
is often suggested as a minimum threshold for successful recruitment and maintenance of healthy 
populations of native fish in this system (Wu and Culver 1992; Welker et al. 1994; Graeb et al. 
2004; Hoxmeier et al. 2004). In contrast rotifers, whose contribution to successful recruitment is 
poorly documented and understood compared to crustaceans, make up an ever increasing 
proportion of the available river plankton (Sass et al. 2014; this study). This has the potential to 
be a significant shift in the river food web both because of rotifers small size may make them 
less available to native planktivores (Sampson et al. 2009) and at the same their greater grazing 
rates and numbers could influence planktonic primary production (Descy et al. 2003). 
Unfortunately, these possibilities are currently difficult to assess comprehensively because the 
role of zooplankton in river systems is not as well documented and understand.  Moreover, 
unlike most native fish both Silver and Bighead carp are capable of feeding on these small 
zooplankters while natives generally are not (Sampson et al. 2009). Thus, as the Asian carp 
population in the Illinois River has grown the dominance of smaller-bodied rotifers has increased 
which simultaneously works in favor of the Asian carp while constraining native planktivores.  
Another important extension of this is that plankton in general and rotifers in particular may be a 
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better rapid assessment approach for AIS and other similar stressors than more commonly used 
fish parameters like abundance, growth, or condition. 
In addition to increasing harvest levels there are a several other factors that, acting 
separately or in concert, can potentially limit our ability detect harvest-driven increases in 
zooplankton abundance. One would be rapid return of other planktivorous fish species into 
recently harvested backwaters. The majority of backwaters in this river study are marinas or 
turning basins in a heavily managed navigation system with stabilized water levels. The 
combination of both stabilized hydrology and navigation infrastructure means that there is lateral 
habitat connectivity for fish movement year-round, thus potentially allowing for rapid 
recolonization (days to weeks). If large numbers of native planktivores do return quickly, then 
the zooplankton in the harvest treatments are unlikely to experience enough release from 
planktivory to take advantage of. Another limitation could be differences in generation time and 
reproductive rates versus the interval between harvest events. Specifically, the 26-28-day 
intervals between zooplankton sampling may not align with or complement the late-summer 
generation times of some zooplankton very well. This would mean that any increase in the 
slower reproducing copepods and cladocerans could have a lag time greater than the 3-month 
sampling window of this study, thus their respond to current harvest levels might not be 
detectable. In addition to species interaction and life history factors, we also saw some evidence 
that zooplankton composition and density can be seasonal in rivers as in lakes (Kofoid, 1903; 
Burdis & Hoxmeier, 2011).  This would confound efforts to assign an overall decline, such as the 
seasonal decline cladocerans seen across backwaters of the Upper Mississippi River (Burdis & 
Hoxmeier, 2011) and lower Illinois River (Wahl et al., 2008),  to either falling water 
temperatures between August and October versus harvest amount. However the lack of a 
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statistical interaction between the harvest and month terms for any of the four taxonomic 
suggests that the factors are independent of each other in this case. In future studies, we suggest 
that blocking off harvested backwaters to prevent repopulation and extending the sampling time 
of zooplankton would help identify differences in zooplankton life-cycle and harvest response. 
Plankton are a major contributor to the ecological processes and productivity of large 
rivers (Thorp et al., 1994; Thorp and Casper, 2003; Casper and Thorp, 2007). River assemblages 
are made up of species with a spectrum of life histories and diverse responses to limnological 
conditions common in rivers (Hynes 1972; Allan 1976; Thorp and Covich 2001).  Significant 
changes in the species interactions within a food web assemblage, such as the addition of large 
numbers of a planktivore, could strongly influence trophic ecology and, ultimately, biodiversity 
(Strayer et al., 1999; Pace et al., 2010). Planktivory can have a strong trophic influence on 
microzooplankton, with rotifers and nauplii often being the quickest to respond (Jack and Thorp 
2000; Jack and Thorp 2002; Descy et al. 2003; Thorp and Casper 2003; Casper and Thorp 2007; 
Pace et al. 2010). Based on this literature, we speculated that the harvest of Asian carp would 
have a measurable benefit on plankton of the Illinois River, especially in the backwaters where 
both plankton and planktivores can be most abundant (Dettmers et al. 2001b). While this initial 
idea is supported by the study, we can further conclude that the amount of Asian carp that needs 
to be harvested may need to be greater than 8229 kg/km2 to benefit all zooplankton taxa. While 
the higher harvest rates produced stronger more robust results, we still do not know whether the 
harvest-zooplankton relationship is a non-linear or threshold type of relationship, something that 
would be especially useful when for prescribing harvest effort. Despite all the previously 
discussed design caveats, these results do suggest that active suppression of aquatic invasive 
species has great potential for increasing both resistance and recovery in invaded ecosystems. 
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Figure 2.1  The upper Illinois River backwater locations for Asian carp harvest and zooplankton 
sampling sites. Asian carp harvest locations are color-coded for harvest level (circle = no harvest, 
square = low harvest, triangle = high harvest). 
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Figure 2.2  Mean biomass (± S.E.) of Asian carp harvested (kg km-2) in low and high harvest 
treatment levels during August-October 2015 (n=3 backwaters in each harvest level). 
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Figure 2.3  Mean number of individuals per L-1 (± S.E.) of; (a) rotifers, (b) nauplii, (c) copepods, and (d) cladocerans among no, low, 
and high harvest treatment levels from August-October 2015.
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Table 2.1  Mean and standard error of the limnological variables for each harvest and month combination. The mean for an individual 
backwater was calculated from ten measurements in that backwater and then averaged across the number of backwaters in each 
treatment with standard error is given in parentheses. 
 
 Secchi 
(cm) 
Depth 
(m) 
pH Temp. 
(C) 
Sp. Cond. 
(µs/cm) 
DO 
(mg/L) 
Turbidity 
(NTU) 
FDOM 
(ppb) 
Chla 
(µg/L) 
Nitrate  
(N03-N mg/L) 
No Harvest (n= 4) 
Aug 34.5 
(5.0) 
1.08 
(.06) 
8.55 
(0.2) 
24.5 
(0.5) 
724 
(18) 
12.7 
(2.5) 
23.7 
(5.0) 
77.4 
(5.4) 
76 
(33.9) 
3 
(0.3) 
Sept 35.6 
(2.8) 
1.24 
(0.7) 
8.07 
(0.13) 
23 
(0.4) 
669 
(45) 
8.7 
(0.7) 
21.5 
(2.3) 
78.8 
(6.9) 
26.4 
(11.6) 
4.6 
(0.3) 
Oct 36 
(1.7) 
1.09 
(0.10) 
8.67 
(0.09) 
14.3 
(0.7) 
899 
(12) 
11 
(0.4) 
22.5 
(2.3) 
67.4 
(1.8) 
46.2 
(7.1) 
5.3 
(0.3) 
Low Harvest (n = 3) 
Aug 48.3 
(19.5) 
2.63 
(0.89) 
8.55 
(0.07) 
22.9 
(0.2) 
826 
(94) 
8.4 
(1.1) 
20.7 
(7.7) 
65.3 
(7.1) 
38.4 
(6.2) 
3.2 
(0.5) 
Sept 51.5 
(9.0) 
2.62 
(0.53) 
8.59 
(0.04) 
22.9 
(0.5) 
756 
(87) 
12 
(0.5) 
11.1 
(3.3) 
67.7 
(9.4) 
43.3 
(4.7) 
4.6 
(0.5) 
Oct 53.4 
(10.6) 
2.12 
(0.48) 
8.77 
(0.1) 
14.8 
(0.2) 
913 
(38) 
12.7 
(1.1) 
13.2 
(3.9) 
63 
(5.6) 
52.7 
(8.4) 
6.3 
(0.2) 
High Harvest (n = 3) 
Aug 30.1  
(1.3) 
2.12  
(0.35) 
8.81  
(0.12) 
23.8  
(0.6) 
680  
(39) 
12.1  
(2.3) 
25.9  
(1.4) 
72  
(3.7) 
99.6  
(29.9) 
2.3 
 (0.3) 
Sept 42.4  
(4.0) 
2.51  
(0.37) 
8.44  
(0.04) 
23.3  
(0.6) 
712  
(18) 
11.3  
(1.3) 
13.9 
 (2.2) 
69.9 
 (2.9) 
45.5 
 (6.1) 
4  
(0.5) 
Oct 34.1  
(2.6) 
1.91  
(0.54) 
9.09 
 (0.1) 
13.7 
 (0.4) 
777 
 (53) 
12.5 
 (0.7) 
20.4  
(2.3) 
65.5  
(4.6) 
93.2  
(10.1) 
3.8  
(0.9) 
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Table 2.2  Mean abundance (individuals per Liter) of rotifer, nauplii, copepods, and cladocerans 
by harvest level during August, September, and October of 2015. N size refers to the number of 
backwaters and standard error is given in parentheses. 
 
 
Treatment (n size) Aug Sep Oct 
Rotifer 
No Harvest (n =4) 863 (316) 360 (90) 1163 (66) 
Low Harvest (n= 3) 1789 (1068) 1423 (463) 1779 (310) 
High Harvest (n = 3) 3168 (1005) 1441 (331) 1932 (412) 
Nauplii 
No Harvest (n =4)   2.6 (1.11)   1.5 (0.2)   2.0 (0.58) 
Low Harvest (n= 3)   8.9 (7.15)   3.5 (3.2)   6.2 (6.20) 
High Harvest (n = 3) 28.7 (25.9) 14.0 (9.9) 36.3 (30.2) 
Copepod 
No Harvest (n =4) 0.2 (0.05) 0.2 (0.04) 0.3 (0.07) 
Low Harvest (n= 3) 2.0 (1.85) 0.3 (0.20) 0.5 (0.43) 
High Harvest (n = 3) 3.5 (3.32) 1.4 (1.26) 5.8 (5.39) 
Cladocerans 
No Harvest (n =4) 0.6 (0.23) 0.6 (0.15) 0.2 (0.06) 
Low Harvest (n= 3) 0.8 (0.24) 0.8 (0.29) 0.3 (0.21) 
High Harvest (n = 3) 2.5 (1.30) 1.5 (0.82) 1.0 (0.86) 
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Table 2.3 Two factor ANOVA for differences in zooplankton density with month (August, 
September, and October) and harvest (no, low, and high) as factors. Boldface text indicates a 
significant factor; means with different subscript letter are statistically significant with Tukey-
Kramer or Tukey HSD post hoc test. All test conducted on log10 (X+0.001) transformed 
variables. Note: models were initially run with interaction statements, but these were removed 
and models rerun whenever interaction was not significant. 
 
Model df M.S. F p Differences among means 
Rotifer 8 0.2698 3.68 0.0078  
   Month 2 0.2252 3.07 0.0675 AugA SeptA OctA 
   Harvest 2 0.6504 8.87 0.0016 NoA LowB HighB 
   Month x Harvest 4 0.0782 1.07 0.3975  
Error 21 0.0733    
Nauplii 4 3.2361 2.58 0.0616  
   Month 2 0.8939 0.71 0.4994 AugA SeptA OctA 
   Harvest 2 5.5783 4.46 0.0221 NoA LowA HighA 
Error 25 1.2521    
Copepod 4 0.5513 1.25 0.3159  
   Month 2 0.2366 0.54 0.5916 AugA SeptA OctA 
   Harvest 2 0.8661 1.96 0.1615 NoA LowA HighA 
Error 25 0.4413    
Cladocerans 4 0.6966 4.34 0.0084  
   Month 2 0.9737 6.07 0.0071 AugA SeptA OctB 
   Harvest 2 0.4196 2.62 0.0929 NoA LowA HighA 
Error 25 0.1604    
 
 
 
  
 
 
66 
Chapter 3. Assessing the ecosystem response to the large scale, multi-crew Unified Method of 
bigheaded carp harvest: Zooplankton as an indicator of successful invasive fish suppression 
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3.0 ABSTRACT   
Previous work during the summer of 2015 (Chapter 2 of this report) showed that in 
general zooplankton responded positively to the harvest of Asian carp from the upper Illinois 
River.  However, the response depended on which type of zooplankton are being considered: The 
small bodied but numerically dominant Rotifers responded to any type of harvest but the large 
bodied and much less common Cladocera and Copepoda only responded to the very largest 
harvest (~10,000 kg from a single backwater over a 3-month period).  Based on this we 
hypothesized that harvest levels above 10,000 kg might produce a stronger zooplankton response.  
To test this, we followed zooplankton recovery after two Unified Method harvest events 
conducted in the Spring in a single large backwater during 2016 and again 2017 where 48 and 38 
tons of carp were removed respectively.  Results indicate that there is a positive relationship 
between zooplankton abundance and harvest. In addition, we also learned that rotifers and 
copepods responded in as little as 19 – 33 days while Cladocera took a minimum of 69 – 59 days 
or more. 
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3.1 INTRODUCTION   
The invasive Silver Carp (Hypophthalmichthys molitrix) and Bighead Carp (H. nobilis), 
hereafter referred to as bigheaded carps, were first documented in the La Grange Reach of the 
Illinois River in 1995 and 1998, respectively, by the Long-Term Resource Monitoring element of 
U.S. Army Corps of Engineers Upper Mississippi River Restoration program (Chick and Pegg 
2001, Irons et al. 2007). Since then, they have become the dominant fish in terms of biomass in 
the La Grange Reach and have spread upriver towards the electric dispersal barrier located near 
Romeoville, Illinois (Solomon et al. 2016).  
Bigheaded carps are planktivores, capable of filtering particles greater than 10µm from 
the water column (Bitterlich and Gnaiger 1984, Collins and Wahl 2018). Coupled with their high 
fecundity, rapid population growth, and large adult size, bigheaded carps have the potential to 
negatively impact the food web of the Illinois River. Indeed, crustacean zooplankton abundance 
and biomass in the La Grange Reach has declined over 90% very quickly following bigheaded 
carps establishment (Sass et al. 2014, Deboer et al. 2018). In addition, bigheaded carps are 
known to congregate in habitats with high phytoplankton biomass (Calkins et al. 2012), and 
studies have shown they can have a negative impact on phytoplankton biomass (Tumolo and 
Flinn 2017, Deboer et al. 2018), further impacting zooplankton densities through resource 
competition (Domaizon and Dévaux 1999, Lu et al. 2002). Not surprisingly, the relative 
abundance and body condition of both native planktivores like the Gizzard Shad (Dorosoma 
cepedianum) and Bigmouth Buffalo (Ictiobus cyprinellus) and the invasive bigheaded carps 
themselves have also declined steadily, albeit over a longer period than the zooplankton declines 
(Irons et al. 2007, Pendleton et al. 2017, Coulter et al. 2018, Deboer et al. 2018). The consensus 
is that native planktivores are being impacted by the accelerating competition for reduced levels 
of plankton.  
Targeted commercial fishing of bigheaded carps was initiated in the 20 to 40 rkm 
downstream of the electric barrier in 2010. The immediate goal was to decrease populations in 
the vicinity of the barrier in order to reduce the likelihood of the fish breaching the last electric 
dispersal barrier separating the Mississippi River from the CAWS and the Great Lakes basin 
(Bushman et al. 2017). To date, 2,887 tons of bigheaded carps have been removed from the 
Marseilles and Starved Rock reaches of the Illinois River (Bushman et al. 2017). Currently there 
is clear evidence that this harvest level has reduced the local abundance of bigheaded carps 
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(MacNamara et al. 2016). Despite the significant reductions in carp it is not as clear how other 
components of this ecosystem are being effected. Indirect evidence of a zooplankton community 
rebound is seen in the recent increases in the body condition of planktivorous adult Gizzard shad 
(Love et al. 2018). However, relative abundance and condition of small Gizzard Shad have not 
shown the same trends (Love et al. 2018). Studies from other situations have suggested that the 
response of higher trophic levels such as larval and adult fish can be mitigated by ecological 
thresholds, extended time lags, or other secondary factors and interactions (Crooks 2005, 
Simberloff 2011). To get a fuller, more immediate indication of the effectiveness of bigheaded 
carps harvest, we directly measured zooplankton dynamics in response to both standard 
dispersed single boat harvest at multiple locations across reaches (see results in Zalay et al. 
Chapter 2 of this report) and a multi-boat, intensive harvest at a single location within one reach 
(this Chapter). 
The goal of this portion of the project was to assess the zooplankton response in the 
weeks following a high intensity, multi-boat harvest event at Hanson Material Safety’s (HMS) 
property known as the Unified Method. We expected that there would be an overall positive 
response by zooplankton following harvest, but that there would also be a difference in 
magnitude among the different categories of zooplankton (rotifers, nauplii, cladocera, and 
copepods) and any time lags in response would correspond to the life span of the zooplankton 
(short = rotifers, long = copepods and cladocera).  
 
 
 
3.2 METHODS   
Study Site 
The HMS east and west pits are located adjacent to each other, separated only by a gated 
culvert, in the Marseilles Reach of the Illinois River near Morris, IL (Figure 1). The basic sample 
plan started with a single collection prior to the Unified Method harvest event and then three 
additional sample collection dates afterwards.  In 2016, a single 20 µm and a separate single 55 
µm zooplankton sample were taken at 15 sites in the HMS East Pit (the control/non-harvest 
treatment) and a separate 15 in the West Pit (where the harvest treatment was conducted). 
Specific GPS coordinates for the 15 samples were generated using ESRI ArcGIS software and 
these used for each subsequent sampling date. The mean depth averaged depth across all sample 
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periods of the harvested west pit was 3.3m while the mean for the control East Pit was 3.4. 
During 2017, the same sample collection design was used but 25 new sample sites were 
generated for the east and west pit treatments. During 2016 the sampling was completed at 
roughly 30-day intervals between March and June. Based on the 2016 results (discussed below), 
the 2017 sampling intervals were increased to roughly bi-monthly between February and August 
(Table 1). Moreover, sampling in 2017 was scheduled to coincide with hydroacoustic surveys 
being conducted by Southern Illinois University-Carbondale. In the future this will allowed us to 
compare zooplankton densities with hydroacoustic estimates of bigheaded carps densities in the 
two pits in order to improve estimates of fish abundance in relation to bigheaded carps harvest 
efforts.  
 
Treatment: The Unified Method of Fish Harvest 
The Unified Method is based on a Chinese approach to commercially harvesting 
reservoirs that was adapted to the river by the Illinois Department of Natural Resources (IDNR). 
The core idea is to use multiple boats to herd bigheaded carps into high density areas where a 
seine was used to remove all invasive fish species, while native species were documented and 
released (see https://www.asiancarp.us/Documents/UnifiedMethod.pdf).  This approach was first 
implemented in the HMS West pit in March of 2016 and then again in February of 2017 at the 
same location.  
 
Water Quality 
Basic water quality parameters were collected with optical sensors and a YSI Exo2 Sonde 
(YSI, Inc. Yellow Springs, OH) at the same location and time as the zooplankton samples. These 
included; water temperature (Celsius), specific conductivity (µS/cm), dissolved oxygen (DO 
mg/L), turbidity (NTU), fluorescent dissolved organic matter or fDOM (ppb), and fluorescent 
chlorophyll a (chla µg/L). Chlorophyll-a concentrations were used as an indicator of 
phytoplankton density. 
 
Zooplankton collection and microscopic analysis 
Zooplankton samples were collected with a diaphragm pump connected to a 6.35 cm 
diameter hose (Chick et al. 2010, Sass et al. 2014, Creque et al. 2017). Samples were vertically-
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integrated by raising and lowering the hose through the water column while pumping.  The 
sample for enumerating crustaceans (adult copepods and cladocerans) was obtained by pumping 
a single 30 L aliquot of water through a 55 μm mesh and retaining the captured crustacean 
plankters. A separate sample for rotifers and copepod nauplii was collected by pumping a single 
10 L aliquot of water through a 20 μm mesh. Both types of samples were preserved in the field 
with a 12% sugar-buffered formalin solution to which Rose-Bengal stain was added after 
returning to the laboratory. 
In the laboratory, each 55 μm crustacean sample collected was filtered down to 100 mL. 
From this, homogenized 5 mL subsamples were collected and transferred to a counting wheel 
using a Hensen-Stemple pipette for identification and enumerating. Repeated subsamples were 
taken until a minimum of 10% of the original 30 L field sample had been enumerated. Similarly, 
each 20 μm sample was filtered to a volume of 10-20 mL, from which a homogenized 1 mL 
subsample was taken. These subsamples were then placed in a gridded Sedgewick-Rafter 
counting cell for enumeration. This subsampling was repeated until a minimum 10% of the entire 
10L field sample was enumerated. Enumeration of copepods and cladocera from the 55 μm 
samples was done under a Leica S8 APO dissecting scope (80x magnification) with a Leica 
DMC 2900 camera; or under a Leica S8 APO dissecting scope (80x magnification) with a Leica 
DFC295 camera (Leica Microsystems, 2017). The rotifer and nauplii were enumerated under a 
Leica DM750 compound scope (200x magnification) with a Leica ICC50HD camera. Digital 
images were taken with Leica Application Suite 4.5 (Leica Microsystems, 2017) to verify any 
distorted or otherwise questionable individuals. 
 
Statistical Analysis 
Our analysis design used a Before-After/Control-Impact (BACI) approach (Underwood 
1992, 1994), with one before-harvest and three after-harvest sample dates, with the East Pit as 
the control (i.e. no harvest) and the West Pit as the impact receiving the Unified Method harvest. 
Statistical analysis in this report is based on a subset of 500 zooplankton samples of 580 
collected over the 2016-2017 dates (see foot notes in Table 1). Phytoplankton and Zooplankton 
densities (rotifers, nauplii, cladocerans, and copepods) were analyzed using 2-Way ANOVAs, 
with month and pit identified as factors (aov in R; R Core Development Team, 2018). 
Assumptions for equal variances were checked for the raw data in addition to log(x+1) and 
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square root transformations. The transformation that best satisfied the assumption was chosen for 
the analysis. For the purposes of this analysis, we were interested in the interaction between pit 
and sample point (month) as an indication of a change in plankton density in response to Unified 
Method harvest. Statements on significance are based on p-values less than α = 0.05. 
 
 
3.3 RESULTS   
Fish Harvest 
The first Unified Method Harvest event took place in the HMS West pit between March 
21 and April 1, 2016. This harvest period yielded 48.1 tons of bigheaded carps (Bushman et al. 
2017). Hydroacoustic surveys conducted pre- and post-harvest estimated bigheaded carps 
densities were reduced by 82% by April 1st and remained at 60% below pre-harvest levels 
through June (MRWG 2016).  The second Unified Method Harvest took place in the HMS West 
pit between February 27 and March 10 of 2017 and this event yielded 37.6 tons of bigheaded 
carps (MRWG 2017a). Hydroacoustic surveys estimate bigheaded carps densities in the West pit 
were reduced by 45% (from 1.1 ± 0.4 fish/1000m3 pre-harvest to 0.6 ± 0.4 fish/1000m3) post-
harvest (MRWG 2017b). Densities measured using hydroacoustic techniques continued to 
decline in subsequent surveys, but returned to those densities seen immediately following harvest 
by July (Coulter et al. 2017). In addition to the multi-day, multi-crew Unified Method harvest 
events there were also single-day harvests by independent crews that occurred during both years 
(Figure 2, Bushman et al. 2016, MRWG 2016). This supplemental harvest took place in both 
control and treatment pits but, in contrast to the more intense Unified method, this was a single-
crew effort for a single day that occurred intermittently throughout the post-Unified Method 
sampling period.  
 
Water quality response to harvest 
We assessed a set of general physical and chemical limnological parameters to determine 
whether any final differences in zooplankton could be compounded by inherent differences in the 
environment between the two pits (Figure 3, Table 2). For the 2016 sampling period only results 
for the pre-harvest and final (69-day post-harvest) sampling dates. However results for the pre-
harvest and all three post-harvest dates are available for the 2017 sampling period. Although 
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temperature does increase throughout the sampling period in a seasonal pattern during both years, 
this variable never differed between control and treatment. In contrast, the East and West pits 
initially differed in terms of conductivity, DO, fDOM and chla during 2016 while they initially 
differed in terms of conductivity, turbidity, fDOM, and chla in 2017 (Figure 3, Table 2) Specific 
conductivity was lower in the harvest treatment throughout the sample period in both years. For 
turbidity there was no initial difference in 2016 though buy the final sample date (69 days post-
harvest) it had been reduced by almost 50% lower in harvested treatment. In the 2017 the effect 
of harvest was even stronger with turbidity values beginning almost a third higher in the 
harvested treatment and, while turbidity in both pits increased greatly during the sample period, 
it was 30% lower in the harvested treatment than the controls on both the 89 and 145 days after 
harvest. Initially DO was equivalent between the two pits but by the end of the two sampling 
periods harvest was generally 1 mg/L lower than the control. fDOM began both sample periods 
slightly lower in the harvested treatment but while it declined by 25% by the end of the 2016 
sampling (69 days post-harvest) but there was no appreciable difference by the end of the 2017 
sampling (145 days post-harvest). Like fDOM, initial chlorophyll values were consistently lower 
in the harvest treatment and, despite increasing in both pits over both sample periods, they are 
still lower in the harvest treatment by the end of the two sampling periods.  BACI analysis of 
chlorophyll shows that in 2016 there was no interaction between harvest treatment and month 
which means that while the concentrations increased over time, the values for the harvest 
treatment was significantly lower (Table 3). In contrast, in the BACI interaction term for 2017 is 
significant meaning that the effects of harvest and month cannot be separated: the chlorophyll 
concentration in the harvest treatment rises faster than the control by day 89, but by day 145 this 
elevated level becomes a significantly lower mean than that of the control (Table 4). 
 
Zooplankton response to harvest  
Rotifers are consistently the most numerous category of zooplankton encountered in 
either year or harvest treatment followed in descending order by naupliar copepods and adult 
copepods, with cladocerans consistently being the least numerous.  In addition, there was 
generally an increase in the density over time for all these categories of zooplankton regardless 
of whether bigheaded carp were harvested or not, with some exceptions in 2017.  
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Rotifer density showed significant variation between month and treatments. BACI results for 
2016 show that both harvest and month are important in explaining this variation but that there is 
no interaction between them (Table 5). Thus rotifer density was consistently greater in the 
treatments where carp were harvested and at the same time their density almost doubled within 
69 days of the harvest (Figure 4). Results were similar in 2017 but the significant interaction 
between factors suggests that, unlike 2016, the rotifers were responding to both harvest and 
season at the same time. The response pattern showed the same decline in density between the 
pre-harvest sample and the first post-harvest sample in just the harvest treatment followed by a 
significant increase over the last two sample dates for both treatments (Figure 5). However, by 
89 days post-harvest the density of rotifers in the harvested treatment was significantly greater 
than the control (Table 6).  
Naupliar copepods were approximately an order of magnitude less numerous than rotifers. 
BACI analysis shows that harvest and month factors interact significantly in both years (Table 7 
and 8). In 2016, there is a general increase in density from pre-harvest onwards in both treatment 
and control, however by the 33rd day post-harvest nauplii density was significantly greater in the 
harvested treatment (Figure 4). In contrast, the 2017 BACI shows significant variation due to 
treatment and month; however, the response pattern is much more difficult to interpret (Table 8). 
The initial densities of nauplii and those 19 days after harvest were both significantly different 
from each other in both treatments (Figure 5). By 89 days post-harvest they had become 
equivalent due to an increase in densities in the control.  In fact, the density of nauplii in the 
harvest treatment appears unaffected until day 145 post-harvest, by which time the number of 
nauplii in both treatments had fallen to pre-harvest levels (Figure 5). 
Like the nauplii, the adult copepod response was a general increase through time in both 
treatments and in both years (Figures 4 and 5) due to the interaction of harvest and month 
(Tables 9 and 10). However, like the nauplii, there were also significant differences between 
initial pre-harvest densities of adult copepods that continued through the first post-harvest date. 
There was no difference in copepod density between the control and treatment by the end of the 
sampling in either 2016 or 2017 (Figure 4 and 5). However, there was significantly more 
copepods in the harvested treatment on the first date post-harvest in both years. 
Cladocerans were the least abundant of the zooplankton categories with densities near zero for 
most samplings in both 2016 and 2017 (Figure 4 and 5). Despite the low numbers BACI analysis 
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showed that month was a significant factor influencing cladoceran density in both years while 
harvest was only important in 2017 (Table 11 and 12). In both 2016 and 2017 this can be seen in 
significantly higher densities on the 69th and 89th day post-harvest respectively compared to the 
pre-harvest.  
 
 
3.4 DISCUSSION   
Commercial fishing pressure has been used since 2010 to limit both the invasive 
bigheaded carps abundance and its potential for upstream dispersal. However, the impact that 
high carp numbers have had on other native species is significant. Although commercial harvest 
is unlikely to eliminate the invader, it is possible that reducing carp numbers may have the 
unintended consequence of indirectly benefiting competing native animals, especially both the 
plankton and those that use the plankton as a resource (Britton et al. 2011). Previous studies in 
the main stem of the Illinois River have shown that zooplankton can be abundant but that large 
declines occur in the presence of large numbers of the planktivorous bigheaded carps (Sass et al. 
2014, DeBoer et al. 2018, Chara-Serna and Casper section in this report). Crustacean 
zooplankton are a critical food resource for fish and other aquatic organisms, especially as they 
transition from juveniles to adults (Welker et al. 1994, Graeb et al. 2004). However, not all types 
of zooplankton respond to the arrival of these carp in the same way. Rotifers, the smallest and 
most abundant of the 4 categories we analyzed, were the least affected by the planktivory in that 
their numbers are never reduced to zero. In contrast, the larger crustacean copepods and 
cladocerans, which are both naturally less abundant and more ecologically vulnerable to 
planktivory, quickly decline to near zero after the arrival of the bigheaded carps (Sass et al. 2014, 
DeBoer  et al. 2018, Chara-Serna and Casper section in this report).   
Because the bigheaded carps have such a strong direct influence on zooplankton, we 
hypothesized that they might provide a broad, ecosystem-level indicator of the effectiveness of 
bigheaded carps suppression through harvest. In addition, because of their role in ecosystem 
health and function, we hypothesized that the quick post-harvest recovery of zooplankton would 
show that management action is having positive benefits for the entire ecosystem beyond simply 
limiting carp dispersal. We found that these expectations were only partially true: harvest 
reductions in bigheaded carps did lead to significant increases in zooplankton density, in some 
 
 
75 
cases within 60 – 100 days of a Unified Method Harvest. However, the magnitude and trajectory 
of the zooplankton response was mixed.  The smaller-sized rotifers and nauplii were clearly 
more abundant where the carp were harvested in 2016, but the 2017 results were more mixed. In 
contrast, the increase in the large-sized crustaceans was more consistently positive in both years, 
especially for the adult copepods. However, analysis also showed that harvest alone did not 
explain the zooplankton response. Instead there is also a strong seasonal succession that modifies 
density of all zooplankton categories, but especially the crustaceans. We can conclude that 
zooplankton dynamics do respond to the harvest of carp, but the relationship was not as direct 
and clearly positive an indicator of harvest success as we hoped.  
Once we know that zooplankton do respond to bigheaded carps harvest the question 
becomes what an expected time lag in the response should be. Our data show that the 
zooplankton response occurs during the summer season following a spring Unified Method 
harvest event. In fact, we can see that this response can be very quick, less than 19 – 33 days for 
copepods, though the initial difference for copepods can dissipate in the 2-3 months post the 
Unified Method harvest. Cladoceran densities are slower to respond, needing 69 – 89 days, 
before trends become significant. Nauplii response was very mixed with, for instance, a positive 
response to harvest in 2016 but a negative in 2017. The rotifer response is much less clear and 
does not repeat consistently over the two years we assessed. The only clear, repeated pattern for 
rotifers was a dip in density on the first sample post-harvest sampling followed by a significantly 
higher density in the harvest treatment by the end of the study period. Clearly there is a 
relationship between zooplankton size and response lag time. The most straightforward 
explanation is that lag time is related to intrinsic generation time of the different categories of 
zooplankton with the short-lived rotifers being the fastest and the longer lived copepods and 
cladocera being substantially slower. From this conclusion we can speculate that a potential 
outcome for the zooplankton assemblage would be to skew it further away from large-bodied 
Crustacean zooplankton and toward small-bodied rotifers. The ecological impact of this would 
likely be both reduction in available food for larval and planktivorous fish and, separately, a shift 
in the primary productivity due to a higher proportion of grazing rotifers.  In order to test these 
hypotheses, both a continued monitoring of the shift in zooplankton composition and an 
assessment of the diet of larval and planktivorous fish, especially whether rotifers are a food 
resource of equivalent value to the larger crustaceans, is needed. 
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Alternatively, other factors can affect the timing and magnitude of zooplankton response 
to harvest: there is significant variation in zooplankton density between years as well as a strong 
seasonal component that this sample design cannot separate from the effects of harvest. We saw 
that zooplankton densities, except for nauplii, were greater in 2017 than in 2016. This could 
potentially be attributable to interannual differences in either sample period or key environmental 
drivers of population growth and size like temperature.  Specifically, due to earlier date of 
Unified Method event in 2017, the pre-harvest temperature was only 3 – 4 oC compared to 7 – 8 
oC in 2016. Additionally, the 2017 turbidity, while relatively low, was higher than the 2016 
means while the rest of the basic limnological parameters we measured did not really differ 
between years. The second is the observation that the generally higher 2017 densities could 
represent a progressively positive effect of reduced bigheaded carps planktivory in this reach due 
to cumulative positive impact of consistent harvest pressure over several years. Either of these 
multiple year trends suggest that additional zooplankton monitoring may be worthwhile to detect 
long-term trends in response to harvest efforts, independent of interannual variation in 
zooplankton densities.  
Another aspect of the results to consider is that, because the threat of bigheaded carps 
spreading is so great that the need to suppress bigheaded carps supersedes research design 
considerations, there has been additional low-level harvest in both pits during the study  (Figure 
2, Bushman et al. 2017). This additional background harvest, while substantially less than 
Unified Method levels, may have masked some response to any single Unified Method harvest 
event. In addition, bigheaded carps densities during 2017 in the West pit declined in the months 
following the Unified Method, but had returned to levels seen immediately following harvest by 
the last sampling point (Coulter et al. 2017). This may account for the declining trends we found 
during the last survey in our study. Thus, comparing the zooplankton densities with concurrent 
hydroacoustic survey estimates of bigheaded carps abundance collected by Southern Illinois 
University Carbondale (SIUC), rather than harvest yield itself, may provide greater insight into 
the zooplankton trends reported here. 
 There has been some speculation that planktivorous bigheaded carps which filter 
particles as small as phytoplankton (Bitterlich and Gnaiger 1984, Domaizon and Dévaux 1999, 
Sampson et al. 2008) can survive and spread in river systems by feeding on phytoplankton alone 
(Kolar et al. 2005). If this were true, then we would expect that the significant reductions we saw 
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in the harvest treatment might lead to chlorophyll values, an index of the abundance of the 
phytoplankton, greater than the unharvested control. However, what we found is that chlorophyll 
concentration clearly decreased in the harvested West Pit.  This leads us to conclude that 
zooplankton numbers increased enough that their grazing pressure suppressed chlorophyll value 
in the way that trophic cascade theory predicts. Thus the benefits of suppression of carp through 
harvest goes beyond controlling the dispersal of the fish to a positive ecosystem-level response. 
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Figure 3.1  Map of study area. Top: location of the Hanson Pits complex in relation to the 
Illinois River. Bottom: map of the two Hanson pits. The East Pit was used for the control 
samples while the West Pit was used for the harvest treatment. The solid black line between the 
two pits represents the culvert connecting them that was blocked during the Unified Method 
harvest event. Map credit: Jason A. DeBoer. 
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Figure 3.2  Total number of bigheaded carp harvested from the control (HMS East Pit) and 
Unified method harvest treatment (West Pit) after the March 21 - April 1, 2016 (left column) and 
February 27 to March 10, 2017 (right column) harvest events. Data provided by Tristan Widloe, 
Illinois Department of Natural Resources. 
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Figure 3.3  Change in water quality after the March 21 - April 1, 2016 (left column) and 
February 27 to March 10, 2017 (right column) harvest events and subsequent zooplankton 
response monitoring period. Mean (± 1 SE) measurements for various water quality parameters 
collected during each sampling period. The vertical dashed line represents the harvest event (see 
Table 1 for dates harvest occurred) with sample points to the left of the line occurring before 
harvest, and those on the right occurring after harvest. The WQ parameter measured is shown on 
the y-axis while days pre-/post-harvest are shown on the x-axis. Note: No data is available for 
the first 2 post-harvest sample dates in 2016. 
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Figure 3.4  Response of zooplankton to the Unified Method bigheaded carp harvest at the HMS 
pits between March 8th and June 9th of 2016. Density as number plankters per liter) is shown on 
the y-axis while days pre-/post-harvest are shown on the x-axis. The vertical dashed line 
represents the harvest event (the unified method took place from March 21-April 1) with sample 
points to the left of the line occurring before harvest, and those on the right occurring after 
harvest. Individual samples are represented by points, with the median density represented by the 
solid line within each box.  
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Figure 3.5 Response of zooplankton to the Unified Method bigheaded carp harvest at the HMS 
pits between February 2nd and August 2nd of 2017. Density as number of plankters per liter is 
shown on the y-axis while days pre-/post-harvest are shown on the x-axis. The vertical dashed 
line represents the harvest event (the unified method took place from February 27 to March 10) 
with sample points to the left of the line occurring before harvest, and those on the right 
occurring after harvest. Individual samples are represented by points, with the median density 
represented by the solid line within each box.  
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Table 3.1  Number of replicate zooplankton samples collected by date, harvest treatment, and 
mesh size.  
 
 
Location 
N-harvest 
(East) 
Harvest  
(West) Total 
20 µm 55 µm 20 µm 55 µm 
2016      
     March 8 15 15 15 15 45 
Unified Harvest Method: March 21-April 1 
     April 5* 15 15 15 15 45 
     May 4 15 15 15 15 45 
     June 9 15 15 15 15 45 
     Total 45 45 45 45 180 
2017      
     Feb 15 25 25 25 25 100 
Unified Harvest Method: February 27-March 10 
     Mar 29 25 25 25 25 100 
     Jun 7 25 25 25 25 100 
     Aug 2** 25 25 25 25 100 
     Total 100 100 100 100 400 
Grand Total 145 145 145 145 580 
 
*April 2016 samples were not processed because they did not coincide with congruent SIUC 
hydroacoustic surveys 
**55um samples are currently being processed and are excluded from this analysis  
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Table 3.2  Water quality measurements, mean (±1 SE), taken during each of the 2016 and 2017 Unified Method sampling periods.  
 
  
Pre Harvest 
 
Post Harvest 1 
 
Post Harvest 2 
 
Post Harvest 3 
  
Control (East) 
 
Harvest (West) 
 
Control (East) 
 
Harvest (West) 
 
Control (East) 
 
Harvest (West) 
 
Control (East) 
 
Harvest (West) 
  
Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
 
Mean SE 
2016 
                       
 
Chlorophyll 
(µg/L) 43.27 (3.58) 
 
30.94 (3.81) 
 
- - 
 
- - 
 
68.67 (3.34) 
 
61.36 (3.49) 
 
- - 
 
- - 
 
Depth (m) 3.10 (0.20) 
 
2.91 (0.16) 
 
- - 
 
- - 
 
3.08 (0.17) 
 
2.58 (0.21) 
 
- - 
 
- - 
 
fDOM (ppb) 45.90 (0.85) 
 
38.44 (0.35) 
 
- - 
 
- - 
 
41.28 (0.53) 
 
35.31 (0.30) 
 
- - 
 
- - 
 
ODO (mg/L) 16.30 (0.12) 
 
17.75 (0.33) 
 
- - 
 
- - 
 
14.21 (0.57) 
 
12.81 (0.58) 
 
- - 
 
- - 
 
SpCond 
(µS/cm) 726.16 (6.17) 
 
505.50 (3.02) 
 
- - 
 
- - 
 
593.77 (5.27) 
 
458.76 (3.04) 
 
- - 
 
- - 
 
TDS (mg/L) 472.00 (4.03) 
 
328.60 (1.96) 
 
- - 
 
- - 
 
385.93 (3.43) 
 
298.27 (1.98) 
 
- - 
 
- - 
 
Temp (oC) 7.70 (0.17) 
 
6.99 (0.08) 
 
- - 
 
- - 
 
23.43 (0.06) 
 
23.29 (0.11) 
 
- - 
 
- - 
 
Turbidity 
(FNU) 5.97 (0.47) 
 
5.96 (0.28) 
 
- - 
 
- - 
 
22.55 (1.80) 
 
14.42 (0.68) 
 
- - 
 
- - 
2017 
                       
 
Chlorophyll 
(µg/L) 10.49 (1.43) 
 
22.84 (1.05) 
 
6.38 (0.49) 
 
20.07 (2.40) 
 
65.76 (3.02) 
 
97.83 (19.04) 
 
80.91 (3.40) 
 
69.32 (2.69) 
 
Depth (m) 3.88 (0.13) 
 
3.64 (0.16) 
 
3.66 (0.13) 
 
3.91 (0.14) 
 
- - 
 
2.91 (0.09) 
 
- - 
 
3.54 (0.14) 
 
fDOM (ppb) 43.77 (0.67) 
 
38.45 (0.50) 
 
38.09 (0.76) 
 
29.01 (0.22) 
 
39.84 (0.26) 
 
39.66 (0.25) 
 
47.70 (0.61) 
 
45.20 (0.59) 
 
ODO (mg/L) 13.49 (0.08) 
 
13.21 (0.04) 
 
11.53 (0.04) 
 
10.95 (0.05) 
 
11.59 (0.21) 
 
14.03 (0.29) 
 
16.60 (0.55) 
 
13.09 (0.89) 
 
SpCond 
(µS/cm) 685.39 (2.61) 
 
569.21 (3.59) 
 
810.24 (7.60) 
 
628.39 (2.98) 
 
576.40 (0.71) 
 
489.70 (4.95) 
 
535.54 (6.54) 
 
455.53 (4.76) 
 
TDS (mg/L) 445.52 (1.71) 
 
370.00 (2.33) 
 
526.64 (4.96) 
 
408.48 (1.92) 
 
374.72 (0.46) 
 
318.32 (3.23) 
 
348.08 (4.25) 
 
296.00 (3.11) 
 
Temp (oC) 3.42 (0.06) 
 
3.71 (0.07) 
 
9.77 (0.04) 
 
9.38 (0.02) 
 
23.59 (0.08) 
 
24.75 (0.27) 
 
28.11 (0.24) 
 
27.71 (0.15) 
 
Turbidity 
(FNU) 7.41 (0.18) 
 
12.30 (0.35) 
 
17.90 (0.70) 
 
37.15 (4.35) 
 
51.86 (1.60) 
 
37.81 (1.33) 
 
38.58 (2.09) 
 
25.53 (1.99) 
*(-) represents missing data
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Table 3.3  BACI Two-Way ANOVA to assess the effects of harvest treatment and month on 
Chlorophyll a (µg/L) in 2016 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest 1 0.662 0.662 7.820 0.007 
month 1 0.376 0.376 4.448 0.039 
harvest:month 1 0.044 0.044 0.515 0.476 
Residuals   59 4.991 0.085 
   
 
log groups 
control 1.731 a 
harvest 1.525 b 
 
 
log groups 
after3 1.692 a 
before 1.547 a 
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Table 3.4  BACI Two-Way ANOVA to assess the effects of harvest treatment and month on 
Chlorophyll a (µg/L) in 2017 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest 1 6531.807 6531.807 5.209 0.024 
month 3 202927.048 67642.349 53.943 <0.0005 
harvest:month 3 11879.251 3959.750 3.158 0.026 
Residuals   191 239506.551 1253.961 
   
 
mean groups 
harvest 52.344 a 
 control 40.886 
 
b 
 
 
mean groups 
after2 81.794 a 
 after3 75.232 a 
 before 16.664 
 
b 
after1 13.228 
 
b 
 
 
log groups 
harvest.after2 1.910 a 
   control.after3 1.905 a 
   harvest.after3 1.839 a 
   control.after2 1.815 a 
   harvest.before 1.367 
 
b 
  harvest.after1 1.233 
 
b 
  control.before 1.028 
  
c 
 control.after1 0.830 
   
d 
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Table 3.5  BACI Two-Way ANOVA to assess the effects of harvest treatment and month on 
rotifer densities in 2016 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest         1 11875913.878 11875913.878 9.100 0.003 
month       2 22381161.356 11190580.678 8.575 <0.0005 
harvest:month   2 106115.756 53057.878 0.041 0.960 
Residuals   84 109623700.400 1305044.052 
  Total 89 143986891.389 24424596.486 
   
 
Density groups 
harvest 2339.867 a 
 control 1613.356 
 
b 
 
 
Density groups 
after2 2571.567 a 
 before 2007.067 a b 
after1 1351.200 
 
b 
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Table 3.6 BACI design Two-Way ANOVA to assess the effects of harvest treatment and month 
on rotifer densities in 2017 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest 1 0.480 0.480 12.771 <0.0005 
month       3 17.516 5.839 155.202 <0.0005 
harvest:month   3 3.616 1.205 32.042 <0.0005 
Residuals   192 7.223 0.038 
  Total 199 28.835 7.562 
   
 
log groups 
harvest 3.455 a 
 control 3.357 
 
b 
 
 
log groups 
after2 3.816 a 
   after3 3.531 
 
b 
  before 3.249 
  
c 
 after1 3.029 
   
d 
 
 
log groups 
control.after2 3.853 a    
harvest.after2 3.779 a    
harvest.after3 3.713 a    
harvest.before 3.426  b   
control.after3 3.349  b   
control.after1 3.155   c  
control.before 3.072   c  
harvest.after1 2.902 
 
  d 
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Table 3.7 BACI design Two-Way ANOVA to assess the effects of harvest treatment and month 
on nauplii densities in 2016 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest 1 0.762 0.762 7.681 0.007 
month       2 4.366 2.183 21.998 <0.0005 
harvest:month   2 0.746 0.373 3.757 0.027 
Residuals   84 8.335 0.099 
  Total 89 14.209 3.417 
 
 
log groups 
harvest 1.914 a 
 control 1.730 
 
b 
 
 
log groups 
after2 2.118 a 
 after1 1.760 
 
b 
before 1.589 
 
b 
 
 
log groups 
harvest.after2 2.270 a    
control.after2 1.966 a b   
harvest.after1 1.921 
 
b c  
control.before 1.626 
 
 c d 
control.after1 1.599 
 
 c d 
harvest.before 1.553 
 
  d 
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Table 3.8  BACI design Two-Way ANOVA to assess the effects of harvest treatment and month 
on nauplii densities in 2017 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest 1 4.560 4.560 70.251 <0.0005 
month       3 21.413 7.138 109.963 <0.0005 
harvest:month   3 15.489 5.163 79.542 <0.0005 
Residuals   192 12.463 0.065 
  Total 199 53.924 16.925 
   
 
log groups 
harvest 1.761 a 
 control 1.459 
 
b 
 
 
log groups 
after2 2.056 a 
  before 1.667 
 
b 
 after1 1.583 
 
b 
 after3 1.135 
  
c 
 
 
log groups 
harvest.after2 2.076 a    
harvest.after1 2.052 a    
control.after2 2.036 a    
harvest.before 2.020 a    
control.after3 1.452 
 
b   
control.before 1.314 
 
b c  
control.after1 1.115 
 
 c d 
harvest.after3 0.898 
 
  d 
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Table 3.9  BACI design Two-Way ANOVA to assess the effects of harvest treatment and month 
on copepod densities in 2016 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest         1 1.999 1.999 36.248 <0.0005 
month       2 9.495 4.747 86.071 <0.0005 
harvest:month   2 1.250 0.625 11.328 <0.0005 
Residuals   84 4.633 0.055 
  Total 89 17.377 7.427 
   
 
log groups 
harvest 0.806 a 
 control 0.508 
 
b 
 
 
log groups 
after2 1.069 a 
  after1 0.629 
 
b 
 before 0.275 
  
c 
 
 
log groups 
harvest.after2 1.072 a   
control.after2 1.065 a   
harvest.after1 0.920 a   
harvest.before 0.427 
 
b  
control.after1 0.337 
 
b c 
control.before 0.123 
 
 c 
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Table 3.10  BACI design Two-Way ANOVA to assess the effects of harvest treatment and 
month on copepod densities in 2017 (significant model statements are in boldface). Tukey 
pairwise comparisons with 95% confidence intervals for the significant model terms are shown 
below (control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest         1 73.982 73.982 59.956 <0.0005 
month       2 230.490 115.245 93.397 <0.0005 
harvest:month   2 20.715 10.358 8.394 <0.0005 
Residuals   144 177.685 1.234 
  Total 149 502.872 200.818 
   
 
sqrt groups 
harvest 3.263 a 
 control 1.859 
 
b 
 
 
sqrt groups 
after2 4.256 a 
  after1 2.101 
 
b 
 before 1.326 
  
c 
 
 
sqrt groups 
harvest.after2 4.438 a   
control.after2 4.074 a   
harvest.after1 2.999  b  
harvest.before 2.353  b  
control.after1 1.202   c 
control.before 0.300   c 
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Table 3.11  Two-Way ANOVA to assess the effects of harvest treatment and month on 
cladoceran densities in 2016 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest         1 0.268 0.268 1.926 0.169 
month       2 13.589 6.794 48.818 <0.0005 
harvest:month   2 0.504 0.252 1.812 0.170 
Residuals   84 11.691 0.139 
  Total 89 26.052 7.454 
   
 
sqrt groups 
after2 1.136 a 
 after1 0.429 
 
b 
before 0.231 
 
b 
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Table 3.12  Two-Way ANOVA to assess the effects of harvest treatment and month on 
cladoceran densities in 2017 (significant model statements are in boldface). Tukey pairwise 
comparisons with 95% confidence intervals for the significant model terms are shown below 
(control = East Pit; harvest = West Pit). 
 
 
Df Sum Sq Mean Sq F value p-value 
harvest         1 10.275 10.275 28.372 <0.0005 
month       2 69.545 34.772 96.014 <0.0005 
harvest:month   2 0.424 0.212 0.586 0.558 
Residuals   144 52.151 0.362 
  Total 149 132.395 45.622 
   
 
sqrt groups 
harvest 1.294 a 
 control 0.771 
 
b 
 
 
sqrt groups 
after2 1.995 a 
 after1 0.560 
 
b 
before 0.542 
 
b 
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Supplemental Data Tables and Appendices 
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Appendix I.  Number of 55µm zooplankton samples collected and processed between 2010-2017. These were collected by Illinois 
River Biological Station and are listed by site and date. 
 
 
 
 
  
Site Name 6 8 9 10 11 Total 5 6 7 8 9 10 Total 5 6 7 8 9 10 Total 5 6 7 8 9 10 Total 5 6 7 8 9 10 Total 4 5 6 7 8 9 10 Total 3 4 5 6 Total 2 3 6 Total
CSSC
Western Ave 1 1 1 1 2 6 1 1 1 1 4 10
Cal-Sag
O'Brien L&D 326.0 524.6 1 1 1 1 2 6 1 1 1 1 4 10
Brandon Road
Ruby 1 1 1 1 2 6 1 1 1 1 4 10
Dresden
Channahon 277.7 446.9 3 3 3 9 3 6 6 6 6 6 33 6 6 6 6 6 6 36 3 3 3 3 3 3 18 1 1 1 1 2 6 1 1 1 1 1 5 107
Marseilles
Morris 262.0 421.6 3 3 3 9 3 6 6 6 6 6 33 6 6 6 6 6 6 36 3 3 3 3 3 3 18 1 1 1 1 2 6 1 1 1 3 105
HMS East Pit 15 6 15 15 51 25 25 25 75 126
HMS West Pit 15 6 15 15 51 25 25 25 75 126
Starved Rock
Ottawa 239.3 385.1 3 3 2 8 3 6 6 6 6 6 33 6 6 6 6 6 6 36 4 3 3 3 3 3 19 1 1 2 1 1 6 1 1 1 1 4 106
Peoria
Hennepin 207.5 333.9 3 3 3 3 3 15 3 3 3 3 3 3 18 3 3 3 3 3 3 18 51
Senachwine 200.6 322.8 3 3 3 2 11 11
Henry 195.8 315.1 6 6 6 6 6 30 6 6 6 6 6 6 36 3 3 3 3 3 3 18 1 1 1 1 2 6 1 1 1 1 1 5 95
Chillicothe 180.2 290.0 3 3 3 9 3 3 3 3 3 3 18 3 3 3 3 3 3 18 3 3 3 3 3 3 18 63
Upper Peoria Lake 171.1 275.4 3 3 3 3 3 3 18 3 3 3 3 3 3 18 3 3 3 3 3 3 18 1 1 1 1 2 6 1 1 1 1 1 5 65
La Grange
Peoria L&D 155.5 250.3 3 7 6 6 6 6 34 6 6 6 5 6 6 35 3 3 3 3 3 3 18 3 3 3 3 1 2 15 1 1 1 1 1 5 107
Havana 119.0 191.5 3 3 3 9 3 9 9 9 9 9 48 9 9 8 9 9 9 53 6 6 6 6 6 4 34 3 3 3 3 6 18 3 3 3 3 3 15 177
Matanzas Lake 114.5 184.3 6 6 7 6 6 31 6 6 6 6 6 6 36 3 3 3 3 3 3 18 1 1 1 1 1 5 1 1 1 1 1 5 95
Bath Chute 111.0 178.6 3 6 6 6 6 6 33 6 6 6 6 6 6 36 1 1 3 6 11 1 1 1 2 5 1 1 1 1 1 5 90
Frederick 96.2 154.8 3 3 3 3 3 15 3 3 3 3 3 3 18 3 3 2 3 6 17 50
Lily Lake MC 83.2 133.9 3 3 3 3 3 15 2 3 3 3 3 3 17 3 3 3 3 6 18 1 1 1 1 2 6 1 1 1 1 1 5 61
Lily Lake 82.8 133.3 3 6 6 6 6 6 33 6 6 6 6 6 6 36 4 3 3 6 16 1 1 1 1 2 6 1 1 1 1 1 5 96
Alton
Meredosia 71.0 114.3 6 6 5 9 3 29 3 6 3 3 3 5 23 3 3 3 3 3 15 67
Florence 55.3 89.0 3 3 3 9 7 6 6 9 3 31 3 8 3 4 3 5 26 3 3 3 3 3 3 18 3 3 3 3 3 3 18 1 1 1 1 1 5 107
Hardin 21.1 34.0 3 6 6 6 9 3 33 3 9 3 4 3 6 28 3 3 3 3 3 3 18 79
Grafton 0.0 0.0 1 1 3 6 6 6 9 3 33 3 8 6 6 6 6 35 3 3 3 3 3 3 18 3 3 3 3 3 3 18 1 1 1 1 1 5 110
Grand Total 54 515 541 339 139 84 102 210 1984
2013River 
mi
River 
km
2010 2011 2012 2014 2015 2016 2017 Grand 
Total
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Appendix II.  Number of 20µm zooplankton samples collected and processed between 2010-2017. These were collected by Illinois 
River Biological Station and are listed by site and date. 
 
 
  
 
 
 
  
Site Name River Mile River Kilometer 7 8 9 10 11 Total 4 5 6 7 8 9 10 Total 5 6 7 8 9 10 Total 4 5 6 7 8 9 10 Total 5 6 7 8 9 10 Total 5 6 7 8 9 10 Total 4 5 6 9 3 Total 2 6 8 3 Total
Lake Calumet 327.2 526.6 4 3 2 9 1 3 9 6 6 6 31 9 6 6 6 6 6 39 6 9 6 6 6 3 36 115
CSSC
North Branch Chicago River 1 1 1
North Shore Channel 1 1 1
Western Ave 2 2 2 6 2 2 6 4 4 4 22 6 4 4 4 4 4 26 4 6 4 3 4 2 23 1 1 1 1 2 6 1 1 1 1 4 87
Cal-Sag
O'Brien L&D 324.5 522.2 2 2 2 6 1 2 6 4 4 4 21 6 4 4 4 4 4 26 4 6 4 3 4 2 23 76
Worth 311.2 500.8 1 1 1 3 1 3 2 2 2 10 3 2 2 2 2 2 13 2 3 2 1 2 1 11 37
Brandon Road
Lockport L&D 289.8 466.4 2 2 2 6 2 6 4 4 4 20 4 6 4 4 4 4 26 4 6 4 4 4 2 24 76
Ruby 1 1 1 1 2 6 1 1 1 1 4 10
Dresden
Channahon 277.7 446.9 2 2 2 1 7 1 6 4 4 4 2 21 3 4 2 2 2 2 15 2 4 2 2 2 12 1 1 1 1 2 6 1 1 1 1 4 65
Marseilles
Morris 262.0 421.6 1 1 1 6 4 4 4 1 20 4 2 2 2 2 2 14 4 2 2 2 10 1 1 1 2 5 1 1 1 3 53
HMS West Pit 15 15 15 45 25 25 25 25 100 145
HMS East Pit 15 15 15 45 25 25 25 25 100 145
Starved Rock
Ottawa 239.3 385.1 2 3 2 1 8 1 6 4 4 4 2 21 4 2 2 2 2 3 15 4 2 2 2 10 1 1 1 1 2 6 1 1 1 1 1 5 65
Peoria
Hennepin 207.5 333.9 1 3 1 1 1 7 1 1 2 9
Henry 195.8 315.1 2 2 2 6 6 6 4 4 2 22 4 2 4 2 2 2 16 2 2 1 2 2 9 1 1 1 1 2 6 1 1 1 1 1 5 64
Chillicothe 180.2 290.0 1 1 1 3 1 1 3 2 1 1 9 12
Upper Peoria Lake 171.1 275.4 1 1 3 2 1 1 9 1 1 1 1 1 1 2 6 1 1 1 1 4 20
La Grange
Peoria L&D 155.5 250.3 2 2 2 6 1 3 6 3 4 2 19 2 2 4 2 2 4 16 2 2 1 2 2 9 1 1 1 1 1 1 6 1 1 1 1 4 60
Havana 119.0 191.5 2 2 3 7 2 4 6 4 4 2 22 5 2 2 2 2 3 16 3 4 2 2 2 13 1 1 1 1 2 6 1 1 1 1 1 5 69
Matanzas Lake 114.5 184.3 2 6 4 4 2 18 5 2 2 2 2 2 15 4 2 2 2 10 1 1 1 1 2 6 1 1 1 1 4 53
Bath Chute 111.0 178.6 1 2 3 1 4 6 4 4 2 21 5 2 2 1 2 3 15 4 2 2 2 2 12 1 1 1 1 2 6 1 1 1 1 4 61
Frederick 96.2 154.8 1 2 2 1 1 7 1 1 8
Lily Lake MC 83.2 133.9 1 2 2 1 1 7 1 1 1 1 1 1 2 6 1 1 1 1 4 18
Lily Lake 82.8 133.3 2 1 3 1 4 6 4 4 2 21 4 2 4 2 2 3 17 2 1 2 2 7 1 1 1 1 2 6 1 1 1 1 1 5 59
Alton
Meredosia 71.0 114.3 2 2 2 3 1 10 10
Florence 55.3 89.0 1 1 2 2 2 3 1 10 1 1 1 1 1 1 6 1 1 1 3 1 1 21
Hardin 21.1 34.0 1 2 2 2 3 1 11 11
Grafton 0.0 0.0 1 2 2 2 3 1 11 1 1 2 1 1 1 1 1 1 6 1 1 1 1 4 23
Grand Total 77 370 276 209 95 66 93 200 1374
2016 2017 Grand 
Total
2010 2011 2012 2013 2014 2015
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Appendix III.  Genus list and relative abundance of Rotifers for June 2010-2017. Note: These are from 20 µm samples, see methods 
for detailed description. 
 
 
 
  
HMS East HMS West Bath Chute Channahon Chillicothe Florence Frederick Grafton Hardin Havana Hennepin Henry Lake Calumet Lily Lake Lily Lake MC Lockport L&D Matanzas Lake Meredosia Morris O'Brien L&D Ottawa Peoria L&D Ruby Senachwine Upper Peoria Lake Western Worth
Years with available data1 2016-2017 2016-2017 2011-2014 2011-2015 2011.000 2011-2015 2011-2013 2010-2015 2011-2013 2011-2014 2011-2013 2011-2014 2011-2013 2011-2014 2011-2014 2011-2013 2011-2015 2011-2013 2011-2014 2011-2015 2011-2014 2011-2014 2014-2015 2013.000 2011-2014 2011-2015 2011-2013
Rotifera
Abrocha
Anuraeopsis 1525.075 1009.775 46.400 1.035 0.333 26.240 1.500 29.328 33.125 1.375 2.500 37.893 7.500 8.800 20.250 0.980 2.000 1.875 3.750 10.763
Ascomorpha 35.250 157.100 399.583 210.563 58.500 29.350 21.875 375.688 14.100 44.583 66.250 50.000 4.500 179.400 332.930 34.000 54.000
Asplanch 72.625 25.550 0.750 3.733 5.756 2.250 2.500 1.250 4.880 5.000 7.500 4.167 22.000 1.020 1.194
Asplanchnopus
Bdelloid 2.175 1.050 5.367 3.113 0.167 2.983 2.883 0.750 1.800 2.500 7.500 2.967 2.250 4.419 2.333 3.214 7.500 1.892 9.914
Birgea
Brachionus 552.325 325.250 40.364 7.934 14.833 49.034 24.000 23.526 51.875 23.275 20.100 26.890 189.510 29.929 44.375 36.750 83.130 104.250 17.263 38.336 18.216 59.742 2.892 41.428 13.774 24.375
*      B.diversicornis 0.700 1.250 0.187 0.250 8.900 0.152 1.517 2.387
Brodyscela 2.083
Cephalodella 0.700 0.325 4.867 0.583 2.667 0.875 1.150 0.900 1.111 1.450 0.750 1.309 2.333 2.340 3.068 1.500
Chromogaster
Collotheca 0.498 0.250 1.875 0.417 2.643 2.000
Colurella 0.050 0.050 2.300 0.333 1.408 3.750 0.900 2.627 2.033 3.498 3.750
Conochiloides 8.333
Conochilus 115.417 34.375 73.125 31.250 4.167 1.020 6.333
Dicranophorus 1.563 3.750 6.250
Encentrum 10.000 4.688 20.625
Eothinia
Epiphanes 0.750 4.167 1.333 1.563 6.750 1.667 10.417 27.083
Euchlanis 0.050 0.420 1.056
Filinia 0.375 0.125 4.000 0.176 2.833 3.000 5.000 1.625 11.000 0.600 1.667 1.627 2.500 53.400 0.660 2.452 4.000 1.020 1.892 2.387
Flosculariidae
Gastropus 218.750 465.000 254.688 842.188 316.667 422.093
Habrotrocha
Henoceros 1.563
Hexarthra 1.875 2.967 1.517
Kellicottia 4.375 14.167 7.813 1.875
Keratella 452.800 319.775 51.295 13.172 28.167 74.165 16.500 39.635 48.250 55.286 24.633 645.471 31.096 35.000 31.475 3.925 108.000 19.644 50.843 60.839 21.813 6.386 56.822 19.598 59.825
Lecane 0.200 0.075 0.831 4.688 0.375 0.600 0.417 1.450 0.750 0.714 0.362 1.448
Lepadella 0.125 2.102 10.417 1.563 1.506 0.625 0.300 0.833 5.797 2.333 3.318 3.500 1.448 6.358
Liliferotrocha 163.480 961.200 3.167
Microdon 2.500 1.875 4.167
Monostyla 0.375 0.400 2.000 3.092 0.167 2.313 1.500 2.550 1.000 0.625 1.800 2.083 3.060 7.500 1.500 2.840 2.333 3.596 2.665 1.892 4.406
Mytili 0.283 2.083 4.307
Notholca 0.025 0.075 50.000 132.500 14.063 8.050 191.250 45.833 239.583
Paracolirella
Philodi 4.167
Plationus
Platyias 8.333 7.083 2.188 3.438 1.250 6.250 16.667
Ploesoma 7.500 2.083
Polyarthra 376.925 85.975 135.500 9.166 4.167 91.303 532.500 86.267 129.250 148.054 16.800 21.097 565.442 72.622 252.500 22.297 699.300 218.500 12.450 221.063 14.409 84.925 12.510 35.759 12.867 68.969
Pompholyx 0.333
Pseudoploesoma 2.083
Rotaria 5.625
Scapamotrocha
Squatinella
Synchaeta 1149.750 1221.100 330.856 4.169 50.083 276.776 217.500 236.953 52.875 256.493 26.700 52.276 70.963 79.201 250.000 11.358 161.757 137.750 9.236 226.370 14.007 181.900 23.415 80.006 7.938 53.225
Testudinella 16.500 33.333 152.417 15.625 3.000 107.500 5.833 7.500 12.500 83.333
Tetramastix
Trichocerca 1431.075 2267.475 134.715 3.425 43.500 205.431 153.000 119.667 126.250 88.708 28.800 37.839 23.385 98.996 250.000 4.072 288.564 448.250 12.373 3.814 67.233 163.138 1.020 37.259 1.437 4.181
Trichotria 0.083 3.750
Trochosphere
Unid.Rotifer 1.025 1.100 18.238 33.791 6.083 62.500 186.000 19.500 40.500 9.600 2.400 23.770 55.527 23.994 615.000 74.083 6.733 18.750 21.092 92.850 12.056 10.914 30.000 20.458 13.394
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Appendix IV.  Genus list and relative abundance of Crustaceans (Copepods and Cladocera) for June 2010-2017. Note: These are from 
55 µm samples, see methods for detailed description. 
 
  
HMS East HMS West Bath Chute Channahon Chillicothe Florence Frederick Grafton Hardin Havana Hennepin Henry Lake Calumet Lily Lake Lily Lake MC Lockport L&D Matanzas Lake Meredosia Morris O'Brien L&D Ottawa Peoria L&D Ruby Senachwine Upper Peoria Lake Western Worth
Years with available data1 2016-2017 2016-2017 2011-2014 2011-2015 2011.000 2011-2015 2011-2013 2010-2015 2011-2013 2011-2014 2011-2013 2011-2014 2011-2013 2011-2014 2011-2014 2011-2013 2011-2015 2011-2013 2011-2014 2011-2015 2011-2014 2011-2014 2014-2015 2013.000 2011-2014 2011-2015 2011-2013
Copepoda
Acanthocyclops
Calanoid 0.008 0.021 0.697 0.098 0.064 0.020 0.025 0.010 0.017 0.036 0.083 2.938 0.013 0.061
Cyclopoid 16.717 18.767 0.346 0.560 0.700 0.750 0.961 0.331 0.737 0.686 0.250 0.229 0.824 1.270 0.579 0.598 0.734 3.813 0.392 0.821 2.173 0.922 0.431
Diacyclops
Eurytemora 0.029
Harpactoid 0.021 0.033 0.028 0.024 0.028 0.071 0.011 0.073 0.021 0.017 0.036 0.026 0.110 0.009
Leptodiaptomus 0.119
Paracyclops
Skistodiaptomus
Tropocyclops
Unidentified Copepod
Nauplii 86.873 118.982 15.067 7.569 0.833 5.960 6.000 7.967 4.625 5.100 3.000 3.333 6.707 11.250 10.467 12.750 4.133 81.000 4.267 8.500 6.045 11.367
Cladocera
Acroperus
Alona 0.008 0.017 0.025 0.143 0.038 0.106 0.058 0.157 0.012 0.010 0.031 0.033 0.053 0.022 0.042 0.017
Alonella 0.012 0.065
Alonopsis
Anchistropus
Bosmina 0.333 0.517 0.679 24.847 0.833 0.702 0.817 0.657 0.220 1.468 0.296 1.273 0.406 0.749 0.513 0.456 13.331 15.031 13.346 2.526 7.194 1.213
Camptocerus
Ceriodaphnia 0.050 0.050 0.012 0.011 0.025 0.016 0.065 0.050 0.010 0.027 1.073 0.009 0.067
Chydorus 0.008 0.240 0.038 0.024 0.011 0.031 0.013 0.059 0.031 0.114 0.149 0.050
Daphnia ambigua
Daphnia dubia 0.008
* Daphnia lumholtzi
Daphnia mendotae
Daphnia parvula
Daphnia pulex 0.092 0.011 0.010 0.044 0.009
Daphnia retrocurva
Daphnia sp. 1.842 3.300 0.543 0.250 0.012 0.156 0.024 0.057 0.037 0.067 1.750 0.042 0.018 1.171
Diaphanosoma 0.100 0.133 0.021 0.083 0.012 0.009 0.019 0.031 0.159 0.115 0.011 0.021 0.009
Disparalona
Endosima
Eubosmina
Eurycercus
Ilyocryptus 0.017 0.014 0.014 0.012 0.019 0.372 0.031 0.010 0.011 0.011 0.026 0.298
Kurzia 0.198
Leptodora 0.142 0.483
Leydigia 0.008
Macrothrix 0.017 0.019 0.013
Megafenestra
Moina 0.017 0.017 0.100 0.222 1.143 0.056 0.111 1.389 0.102 0.037 0.037 0.063 0.444 0.141 0.258 0.044
Moinodaphnia
Picripleuroxus
Pleuroxus
Scapholeberis 0.008 0.013
Sida 0.006 0.021 0.010 0.009
Simocephalus
Unidentified Chydoridae 0.020 0.006 0.006
Unidentified Cladoceran 0.050 0.017 0.024 0.019 0.031 0.010 0.011 0.010 0.035
*Dreisenna sp. veligers 1.716666667 28.375 5.4 7.777666667 0.2 23.333 0.14 22.95 19.097
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Appendix V.  Biomass estimates for Section 1 (Chara-Serna and Casper) based on carapace 
lengths were calculated using length-mass regression coefficients for individual taxa (Dumont et 
al., 1975; USEPA 2003). Note that w = weight in µg; L=length in µm; R= width in µm. 
. 
 
 
  
 
Genera/ 
Subclass 
Taxonomic  
group Equation 
Alona Cladoceran ln(w) = 4.543 + 3.636 x ln(L) 
Alonella Cladoceran ln(w) = 4.543 + 3.636 x ln(L) 
Bosmina Cladoceran ln(w) = 2.7116 + 2.5294 x ln(L) 
Chydorus Cladoceran ln(w) = 4.543 + 3.636 x ln(L) 
Daphnia Cladoceran ln(w) = 1.51 + 2.56 x ln(L) 
Diaphanosoma Cladoceran ln(w) = 1.2894 + 3.039 x ln(L) 
Ilyocryptus Cladoceran ln(w) = 5.9913 + 7.942 x ln(L) 
Macrothrix Cladoceran ln(w) = 4.543 + 3.636 x ln(L) 
Moina Cladoceran ln(w) = 1.888584 + 2.57 x ln(L) 
Ceriodaphnia Cladoceran ln(w) = 2.83 + 3.15 x ln(L) 
Sida Cladoceran ln(w) = 2.053 + 2.189 x ln(L) 
      
Calanoid Copepod w = 7.9 x 10⁻⁷ x (L)²·³³ 
Cyclopoid Copepod ln(w) = 1.6602 + 3.968 x ln(L) 
Harpacticoid Copepod ln(w) = 1.05 + 2.46 x ln(L) 
      
Ascomorpha Rotifer w = ((L³ x 0.12) + (0 x L³ x 0.12)) x 10⁻⁶ x 0.1 
Asplanchna Rotifer w = ((L³ x 0.23) + (0 x L³ x 0.23)) x 10⁻⁶ x 0.039 
Brachionus Rotifer w = ((L³ x 0.12) + (0.1 x L³ x 0.12)) x 10⁻⁶ x 0.1 
Cephalodella Rotifer w = ((L³ x 0.12) + (0.1 x L³ x 0.12)) x 10⁻⁶ x 0.1 
Filinia Rotifer w = ((L x R² x 0.52) + (0.01 x L x R² x 0.52)) x 10⁻⁶ x 0.1 
Kellicottia Rotifer w = ((L³ x 0.03) + (0.02 x L³ x 0.03)) x 10⁻⁶ x 0.1 
Keratella Rotifer w = ((L³ x 0.2) + (0 x L³ x 0.2)) x 10⁻⁶ x 0.1 
Lecane Rotifer w = ((L³ x 0.1) + (0.05 x L³ x 0.1)) x 10⁻⁶ x 0.1 
Lepadella Rotifer w = ((L³ x 0.1) + (0.05 x L³ x 0.1)) x 10⁻⁶ x 0.1 
Notholoca  Rotifer w = ((L³ x 0.04) + (0 x L³ x 0.04)) x 10⁻⁶ x 0.1 
Polyarthra Rotifer w = ((L³ x 0.28) + (0.1 x L³ x 0.28)) x 10⁻⁶ x 0.1 
Synchaeta Rotifer w = ((L³ x 0.1) + (0 x L³ x 0.1)) x 10⁻⁶ x 0.1 
Trichocerca Rotifer w = ((L x R² x 0.52) + (0.006 x L x R² x 0.52)) x 10⁻⁶ x 0.1 
Trichotria Rotifer w = ((L³ x 0.1) + (0.05 x L³ x 0.1)) x 10⁻⁶ x 0.1 
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Appendix VI.  R Code for BACI analysis in section 3 (Maxson et al.) 
 
R Code used to sum across four taxa groupings and perform BACI analysis on zooplankton 
densities and Chlorophyll A. 
 
library("plyr") 
library("dplyr") 
library("reshape") 
library("car") 
library("agricolae") 
 
####55um dataset#### 
 
#sum site data for 4 taxa groupings 
hms_zoop55=read.csv(“55HMSZoopDens.csv”) 
hms_zoop55=na.omit(hms_zoop55) 
hms_zoop55=aggregate(hms_zoop55$Density, by=list(hms_zoop55$Site, hms_zoop55$pit, 
hms_zoop55$month, hms_zoop55$Taxa, hms_zoop55$Year), 
FUN=sum, na.rm=TRUE) 
#rename columns and remove site column 
hms_zoop55=rename(hms_zoop55,c("Group.1"="Site")) 
hms_zoop55=rename(hms_zoop55,c("Group.2"="pit")) 
hms_zoop55=rename(hms_zoop55,c("Group.3"="month")) 
hms_zoop55=rename(hms_zoop55,c("Group.4"="Taxa")) 
hms_zoop55=rename(hms_zoop55,c("Group.5"="Year")) 
hms_zoop55=rename(hms_zoop55,c("x"="Density")) 
hms_zoop55$Site=NULL 
 
#transformations 
#log(x+1) transform data 
log=log10(hms_zoop55$Density+1) 
hms_zoop55=cbind(hms_zoop55,log) 
#sqrt transform data 
sqrt=sqrt(hms_zoop55$Density) 
hms_zoop55=cbind(hms_zoop55,sqrt) 
#Subset by Taxa 
hms_cladoceranDENS=subset(hms_zoop55,hms_zoop55$Taxa=="Cladoceran") 
hms_copepodDENS=subset(hms_zoop55,hms_zoop55$Taxa=="Copepod") 
#subset by Year 
hms_cladoceranDENS2016=subset(hms_cladoceranDENS,hms_cladoceranDENS$Year=="2016
") 
hms_cladoceranDENS2017=subset(hms_cladoceranDENS,hms_cladoceranDENS$Year=="2017
") 
hms_copepodDENS2016=subset(hms_copepodDENS,hms_copepodDENS$Year=="2016") 
hms_copepodDENS2017=subset(hms_copepodDENS,hms_copepodDENS$Year=="2017") 
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write.csv(hms_cladoceranDENS2016,"hms_cladoceranDENS2016.csv") 
write.csv(hms_cladoceranDENS2017,"hms_cladoceranDENS2017.csv") 
write.csv(hms_copepodDENS2016,"hms_copepodDENS2016.csv") 
write.csv(hms_copepodDENS2017,"hms_copepodDENS2017.csv") 
 
####20um dataset#### 
 
#sum site data for 4 taxa groupings 
hms_zoop20=read.csv(“20HMSZoopDens.csv”) 
hms_zoop20=na.omit(hms_zoop20) 
hms_zoop20=aggregate(hms_zoop20$Density, by=list(hms_zoop20$Site, hms_zoop20$pit, 
hms_zoop20$month, hms_zoop20$Taxa, hms_zoop20$Year), 
FUN=sum, na.rm=TRUE) 
#rename columns and remove site column 
hms_zoop20=rename(hms_zoop20,c("Group.1"="Site")) 
hms_zoop20=rename(hms_zoop20,c("Group.2"="pit")) 
hms_zoop20=rename(hms_zoop20,c("Group.3"="month")) 
hms_zoop20=rename(hms_zoop20,c("Group.4"="Taxa")) 
hms_zoop20=rename(hms_zoop20,c("Group.5"="Year")) 
hms_zoop20=rename(hms_zoop20,c("x"="Density")) 
hms_zoop20$Site=NULL 
 
#transformations 
#log(x+1) transform data 
log=log10(hms_zoop20$Density+1) 
hms_zoop20=cbind(hms_zoop20,log) 
#sqrt transform data 
sqrt=sqrt(hms_zoop20$Density) 
hms_zoop20=cbind(hms_zoop20,sqrt) 
#Subset by Taxa 
hms_rotiferDENS=subset(hms_zoop20,hms_zoop20$Taxa=="Rotifer") 
hms_naupliiDENS=subset(hms_zoop20,hms_zoop20$Taxa=="Nauplii") 
#subset by Year 
hms_rotiferDENS2016=subset(hms_rotiferDENS,hms_rotiferDENS$Year=="2016") 
hms_rotiferDENS2017=subset(hms_rotiferDENS,hms_rotiferDENS$Year=="2017") 
hms_naupliiDENS2016=subset(hms_naupliiDENS,hms_naupliiDENS$Year=="2016") 
hms_naupliiDENS2017=subset(hms_naupliiDENS,hms_naupliiDENS$Year=="2017") 
 
write.csv(hms_rotiferDENS2016,"hms_rotiferDENS2016.csv") 
write.csv(hms_rotiferDENS2017,"hms_rotiferDENS2017.csv") 
write.csv(hms_naupliiDENS2016,"hms_naupliiDENS2016.csv") 
write.csv(hms_naupliiDENS2017,"hms_naupliiDENS2017.csv") 
 
####BACI Analysis#### 
 
####2016 Cladocerans#### 
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cladoceran2016.ba1 = hms_cladoceranDENS2016 
 
#2Way ANOVA# 
#leveneTest for homogeneity of variance 
leveneTest(Density~pit*month, data=cladoceran2016.ba1) 
leveneTest(log~pit*month, data=cladoceran2016.ba1) 
leveneTest(sqrt~pit*month, data=cladoceran2016.ba1) 
 
#assumptions best satisfied by sqrt transformation 
clado_aov2016a_sqrt=aov(sqrt~pit*month, data=cladoceran2016.ba1) 
clado2016aov=summary(clado_aov2016a_sqrt) 
clado2016aov=as.data.frame(clado2016aov[[1]]) 
write.table(clado2016aov,file="clado2016aov.txt",sep="\t") 
#Tukey test 
#pit(harvest) term 
clado2016TukeyPit=HSD.test(clado_aov2016a_sqrt,"pit") 
clado2016TukeyPit=as.data.frame(clado2016TukeyPit[['groups']]) 
write.table(clado2016TukeyPit,file="clado2016TukeyPit.txt",sep="\t") 
#month term 
clado2016TukeyMonth=HSD.test(clado_aov2016a_sqrt,"month") 
clado2016TukeyMonth=as.data.frame(clado2016TukeyMonth[['groups']]) 
write.table(clado2016TukeyMonth,file="clado2016TukeyMonth.txt",sep="\t") 
 
####2016 Copepods#### 
 
copepod2016.ba1 = hms_copepodDENS2016 
 
#leveneTest for homogeneity of variance 
leveneTest(Density~pit*month, data=copepod2016.ba1) 
leveneTest(log~pit*month, data=copepod2016.ba1) 
leveneTest(sqrt~pit*month, data=copepod2016.ba1) 
 
#assumption best satisfied by log(x+1) transformation 
#2Way ANOVA# 
cope_aov2016a_log=aov(log~pit*month, data=copepod2016.ba1) 
cope2016aov=summary(cope_aov2016a_log) 
cope2016aov=as.data.frame(cope2016aov[[1]]) 
write.table(cope2016aov,file="cope2016aov.txt",sep="\t") 
#Tukey table 
#interaction term 
copeint=with(copepod2016.ba1,interaction(pit,month)) 
cope_aov2016b_log=aov(log~copeint, data=copepod2016.ba1) 
cope2016Tukey=HSD.test(cope_aov2016b_log,"copeint",group=TRUE,console=TRUE) 
cope2016Tukey=as.data.frame(cope2016Tukey[['groups']]) 
write.table(cope2016Tukey,file="cope2016Tukey.txt",sep="\t") 
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#pit(harvest) term 
cope2016TukeyPit=HSD.test(cope_aov2016a_log,"pit") 
cope2016TukeyPit=as.data.frame(cope2016TukeyPit[['groups']]) 
write.table(cope2016TukeyPit,file="cope2016TukeyPit.txt",sep="\t") 
#month term 
cope2016TukeyMonth=HSD.test(cope_aov2016a_log,"month") 
cope2016TukeyMonth=as.data.frame(cope2016TukeyMonth[['groups']]) 
write.table(cope2016TukeyMonth,file="cope2016TukeyMonth.txt",sep="\t") 
 
####2016 Nauplii#### 
 
nauplii2016.ba1 = hms_naupliiDENS2016 
 
#leveneTest for hmogeneity of variance 
leveneTest(Density~pit*month, data=nauplii2016.ba1) 
leveneTest(log~pit*month, data=nauplii2016.ba1) 
leveneTest(sqrt~pit*month, data=nauplii2016.ba1) 
 
#assumption best satisfied by log(x+1) transformed data 
#2Way ANOVA# 
naup_aov2016a_log=aov(log~pit*month, data=nauplii2016.ba1) 
naup2016aov=summary(naup_aov2016a_log) 
naup2016aov=as.data.frame(naup2016aov[[1]]) 
write.table(naup2016aov,file="naup2016aov.txt",sep="\t") 
#Tukey table 
#interaction term 
naupint=with(nauplii2016.ba1,interaction(pit,month)) 
naup_aov2016b_log=aov(log~naupint, data=nauplii2016.ba1) 
naup2016Tukey=HSD.test(naup_aov2016b_log,"naupint",group=TRUE,console=TRUE) 
naup2016Tukey=as.data.frame(naup2016Tukey[['groups']]) 
write.table(naup2016Tukey,file="naup2016Tukey.txt",sep="\t") 
#pit(harvest) term 
naup2016TukeyPit=HSD.test(naup_aov2016a_log,"pit") 
naup2016TukeyPit=as.data.frame(naup2016TukeyPit[['groups']]) 
write.table(naup2016TukeyPit,file="naup2016TukeyPit.txt",sep="\t") 
#month term 
naup2016TukeyMonth=HSD.test(naup_aov2016a_log,"month") 
naup2016TukeyMonth=as.data.frame(naup2016TukeyMonth[['groups']]) 
write.table(naup2016TukeyMonth,file="naup2016TukeyMonth.txt",sep="\t") 
 
####2016 Rotifers#### 
 
rotifer2016.ba1 = hms_rotiferDENS2016 
 
#leveneTest for homogeneity of variance 
leveneTest(Density~pit*month, data=rotifer2016.ba1) 
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leveneTest(log~pit*month, data=rotifer2016.ba1) 
leveneTest(sqrt~pit*month, data=rotifer2016.ba1) 
 
#assumption best met by untransformed data 
#2Way ANOVA# 
rot_aov2016a=aov(Density~pit*month, data=rotifer2016.ba1) 
rot2016aov=summary(rot_aov2016a) 
rot2016aov=as.data.frame(rot2016aov[[1]]) 
write.table(rot2016aov,file="rot2016aov.txt",sep="\t") 
#Tukey table 
#pit(harvest) term 
rot2016TukeyPit=HSD.test(rot_aov2016a,"pit") 
rot2016TukeyPit=as.data.frame(rot2016TukeyPit[['groups']]) 
write.table(rot2016TukeyPit,file="rot2016TukeyPit.txt",sep="\t") 
#month term 
rot2016TukeyMonth=HSD.test(rot_aov2016a,"month") 
rot2016TukeyMonth=as.data.frame(rot2016TukeyMonth[['groups']]) 
write.table(rot2016TukeyMonth,file="rot2016TukeyMonth.txt",sep="\t") 
 
 
####2017 Clacoderans#### 
 
cladoceran2017.ba1 = hms_cladoceranDENS2017 
 
#leveneTest for homogeneity of variance 
leveneTest(Density~pit*month, data=cladoceran2017.ba1) 
leveneTest(log~pit*month, data=cladoceran2017.ba1) 
leveneTest(sqrt~pit*month, data=cladoceran2017.ba1) 
 
#assumption best met by sqrt transformation 
#2Way ANOVA  
clado_aov2017a_sqrt=aov(sqrt~pit*month, data=cladoceran2017.ba1) 
clado2017aov=summary(clado_aov2017a_sqrt) 
clado2017aov=as.data.frame(clado2017aov[[1]]) 
write.table(clado2017aov,file="clado2017aov.txt",sep="\t") 
#Tukey test 
#pit(harvest) term 
clado2017TukeyPit=HSD.test(clado_aov2017a_sqrt,"pit") 
clado2017TukeyPit=as.data.frame(clado2017TukeyPit[['groups']]) 
write.table(clado2017TukeyPit,file="clado2017TukeyPit.txt",sep="\t") 
#month term 
clado2017TukeyMonth=HSD.test(clado_aov2017a_sqrt,"month") 
clado2017TukeyMonth=as.data.frame(clado2017TukeyMonth[['groups']]) 
write.table(clado2017TukeyMonth,file="clado2017TukeyMonth.txt",sep="\t") 
 
####2017 Copepods#### 
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copepod2017.ba1 = hms_copepodDENS2017 
 
#leveneTest for homogeneity of variance 
leveneTest(Density~pit*month, data=copepod2017.ba1) 
leveneTest(log~pit*month, data=copepod2017.ba1) 
leveneTest(sqrt~pit*month, data=copepod2017.ba1) 
 
#assumption best satisfied by sqrt transformation 
#2Way ANOVA  
cope_aov2017a_sqrt=aov(sqrt~pit*month, data=copepod2017.ba1) 
cope2017aov=summary(cope_aov2017a_sqrt) 
cope2017aov=as.data.frame(cope2017aov[[1]]) 
write.table(cope2017aov,file="cope2017aov.txt",sep="\t") 
#Tukey table 
#interaction term 
copeint=with(copepod2017.ba1,interaction(pit,month)) 
cope_aov2017b_sqrt=aov(sqrt~copeint, data=copepod2017.ba1) 
cope2017Tukey=HSD.test(cope_aov2017b_sqrt,"copeint",group=TRUE,console=TRUE) 
cope2017Tukey=as.data.frame(cope2017Tukey[['groups']]) 
write.table(cope2017Tukey,file="cope2017Tukey.txt",sep="\t") 
#pit(harvest) term 
cope2017TukeyPit=HSD.test(cope_aov2017a_sqrt,"pit") 
cope2017TukeyPit=as.data.frame(cope2017TukeyPit[['groups']]) 
write.table(cope2017TukeyPit,file="cope2017TukeyPit.txt",sep="\t") 
#month term 
cope2017TukeyMonth=HSD.test(cope_aov2017a_sqrt,"month") 
cope2017TukeyMonth=as.data.frame(cope2017TukeyMonth[['groups']]) 
write.table(cope2017TukeyMonth,file="cope2017TukeyMonth.txt",sep="\t") 
 
####2017 Nauplii#### 
 
nauplii2017.ba1 = hms_naupliiDENS2017 
 
#leveneTest for homogeneity of variance 
leveneTest(Density~pit*month, data=nauplii2017.ba1) 
leveneTest(log~pit*month, data=nauplii2017.ba1) 
leveneTest(sqrt~pit*month, data=nauplii2017.ba1) 
 
#assumption best satisfied by log(x+1) transformation 
#2Way ANOVA  
naup_aov2017a_log=aov(log~pit*month, data=nauplii2017.ba1) 
naup2017aov=summary(naup_aov2017a_log) 
naup2017aov=as.data.frame(naup2017aov[[1]]) 
write.table(naup2017aov,file="naup2017aov.txt",sep="\t") 
#Tukey table 
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#interaction term 
naupint=with(nauplii2017.ba1,interaction(pit,month)) 
naup_aov2017b_log=aov(log~naupint, data=nauplii2017.ba1) 
naup2017Tukey=HSD.test(naup_aov2017b_log,"naupint",group=TRUE,console=TRUE) 
naup2017Tukey=as.data.frame(naup2017Tukey[['groups']]) 
write.table(naup2017Tukey,file="naup2017Tukey.txt",sep="\t") 
#pit(harvest) term 
naup2017TukeyPit=HSD.test(naup_aov2017a_log,"pit") 
naup2017TukeyPit=as.data.frame(naup2017TukeyPit[['groups']]) 
write.table(naup2017TukeyPit,file="naup2017TukeyPit.txt",sep="\t") 
#month term 
naup2017TukeyMonth=HSD.test(naup_aov2017a_log,"month") 
naup2017TukeyMonth=as.data.frame(naup2017TukeyMonth[['groups']]) 
write.table(naup2017TukeyMonth,file="naup2017TukeyMonth.txt",sep="\t") 
 
####2017 Rotifers#### 
 
rotifer2017.ba1 = hms_rotiferDENS2017 
 
#leveneTest for homogeneity of variance 
leveneTest(Density~pit*month, data=rotifer2017.ba1) 
leveneTest(log~pit*month, data=rotifer2017.ba1) 
leveneTest(sqrt~pit*month, data=rotifer2017.ba1) 
 
#assumption best satisfied by log(x+1) transformation 
#2Way ANOVA  
rot_aov2017a_log=aov(log~pit*month, data=rotifer2017.ba1) 
rot2017aov=summary(rot_aov2017a_log) 
rot2017aov=as.data.frame(rot2017aov[[1]]) 
write.table(rot2017aov,file="rot2017aov.txt",sep="\t") 
#Tukey table 
#interaction term 
rotint=with(rotifer2017.ba1,interaction(pit,month)) 
rot_aov2017b_log1=aov(log~rotint, data=rotifer2017.ba1) 
rot2017Tukey=HSD.test(rot_aov2017b_log1,"rotint",group=TRUE,console=TRUE) 
rot2017Tukey=as.data.frame(rot2017Tukey[['groups']]) 
write.table(rot2017Tukey,file="rot2017Tukey.txt",sep="\t") 
#pit(harvest) term 
rot2017TukeyPit=HSD.test(rot_aov2017a_log,"pit") 
rot2017TukeyPit=as.data.frame(rot2017TukeyPit[['groups']]) 
write.table(rot2017TukeyPit,file="rot2017TukeyPit.txt",sep="\t") 
#month term 
rot2017TukeyMonth=HSD.test(rot_aov2017a_log,"month") 
rot2017TukeyMonth=as.data.frame(rot2017TukeyMonth[['groups']]) 
write.table(rot2017TukeyMonth,file="rot2017TukeyMonth.txt",sep="\t") 
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####Chlorophyll A#### 
 
WQ=read.csv(“WQ.csv”) 
 
####BACI analysis#### 
#transformations 
#log(x+1) transform data 
log=log10(WQ$Chlorophyllµg.L+1) 
WQ1=cbind(WQ,log) 
#sqrt transform data 
sqrt=sqrt(WQ$Chlorophyllµg.L) 
WQ1=cbind(WQ1,sqrt) 
#subset by year 
wq2016=subset(WQ1,WQ1$Year=="2016") 
wq2017=subset(WQ1,WQ1$Year=="2017") 
 
#2-Way AOV 2016#### 
#leveneTest for hoogeneity of variance 
leveneTest(Chlorophyllµg.L~Pit*Month, data=wq2016) 
leveneTest(log~Pit*Month, data=wq2016) 
leveneTest(sqrt~Pit*Month, data=wq2016) 
 
#assumption best satisfied by log(x+1) transformation 
chla2016_log=aov(log~Pit*Month, data=wq2016) 
chla2016a=summary(chla2016_log) 
chla2016a=as.data.frame(chla2016a[[1]]) 
write.table(chla2016a,file="chla2016.txt",sep="\t") 
#Tukey table 
#pit(harvest) term 
chla2016TukeyPit=HSD.test(chla2016_log,"Pit") 
chla2016TukeyPit=as.data.frame(chla2016TukeyPit[['groups']]) 
write.table(chla2016TukeyPit,file="chla2016TukeyPit.txt",sep="\t") 
#month term 
chla2016TukeyMonth=HSD.test(chla2016_log,"Month") 
chla2016TukeyMonth=as.data.frame(chla2016TukeyMonth[['groups']]) 
write.table(chla2016TukeyMonth,file="chla2016TukeyMonth.txt",sep="\t") 
 
#2-Way AOV 2017 
#leveneTest for homogeneity of variance 
leveneTest(Chlorophyllµg.L~Pit*Month, data=wq2017) 
leveneTest(log~Pit*Month, data=wq2017) 
leveneTest(sqrt~Pit*Month, data=wq2017) 
 
#assumption best satisfied by untransformed data 
chla2017=aov(Chlorophyllµg.L~Pit*Month, data=wq2017) 
chla2017a=summary(chla2017) 
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chla2017a=as.data.frame(chla2017a[[1]]) 
write.table(chla2017a,file="chla2017.txt",sep="\t") 
#Tukey table 
chla2017int=with(wq2017,interaction(Pit,Month)) 
chla2017b=aov(Chlorophyllµg.L ~chla2017int,data=wq2017) 
chla2017bTukeyInt=HSD.test(chla2017b,"chla2017int",group=T,console=T) 
chla2017bTukeyInt=as.data.frame(chla2017bTukeyInt[["groups"]]) 
write.table(chla2017bTukeyInt,file="chla2017TukeyInt.txt", sep="\t") 
#pit(harvest) term 
chla2017TukeyPit=HSD.test(chla2017,"Pit") 
chla2017TukeyPit=as.data.frame(chla2017TukeyPit[['groups']]) 
write.table(chla2017TukeyPit,file="chla2017TukeyPit.txt",sep="\t") 
#month term 
chla2017TukeyMonth=HSD.test(chla2017,"Month") 
chla2017TukeyMonth=as.data.frame(chla2017TukeyMonth[['groups']]) 
write.table(chla2017TukeyMonth,file="chla2017TukeyMonth.txt",sep="\t") 
 
 
 
